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ABSTRACT
This work examined the role of micro-organisms in the biogeochemical cycling of
selenium within the benthic ecosystem of Lake Macquarie, a coastal lake in New
South Wales with a history of anthropogenic heavy metal contamination.  Certain
micro-organisms possess the ability to oxidise or reduce selenium (Fleming and
Alexander, 1973; Doran and Alexander, 1977), and microbial volatilisation of
selenium from contaminated sediments and soils utilising naturally-occurring
microflora has been shown in overseas research (Thompson-Eagle and Frankenberger,
1992) to be a potentially effective remediation strategy.  In examining the impact of
micro-organisms upon the oxidation state of selenium in Lake Macquarie sediments,
this work also investigated and characterised selenium (and heavy metal)
concentrations, speciation and geochemical phase associations (an indicator of
potential bioavailability) in the sediments.
Seven distinct bacterial species indigenous to Lake Macquarie were identified in this
work with the ability to reduce selenium as selenite to elemental selenium, and
selenium as selenate to organic forms of selenium, including volatile methylated
selenium compounds.  Metabolic parameters calculated for these organisms compared
favourably with those reported in the literature by other researchers. Mixed
populations of sediment micro-organisms were also isolated and studied in this work
for their selenite and selenate reduction abilities.
Total reduction of added selenite at levels up to 100 mg/L was recorded for a number
of the organisms studied in this work.  A maximum specific uptake rate for selenite of
3040 mgSe(IV).(gcells)-1.(h)-1 for one isolate (Shewanella putrefaciens) was
determined, exceeding rates reported in the literature by other authors.  Use of the
indigenous micro-organisms from Lake Macquarie for the bioremediation of selenium
containing waste streams was also examined in this work and selenium reduction in an
immobilised cell reactor was demonstrated with such organisms.
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Concentrations, speciation, sediment core profiles and geochemical phase associations
for selenium were determined for sediment samples collected at a variety of sites
throughout Lake Macquarie and from Wyee Creek, a selenium-impacted fluvial input
to the lake.  The maximum concentration of selenium obtained in this work for the
lake proper was 4.04 mg/kg, considerably lower than values reported over a decade
ago (Batley, 1987) but consistent with reported reductions of selenium input into the
lake from the lead-zinc smelter.  Selective extraction methodology (Tessier et al. and
BCR methods) studied geochemical phase association of selenium in Lake Macquarie
sediments and found up to 44% of selenium was in bioavailable forms.  Of interest
and environmental concern was levels of selenium found in sediments of Wyee Creek,
which previously received overflows from the ash dam associated with the Vales
Point Power Station.  Sediment selenium levels of up to 300 mg/kg were determined
for this creek.  These were an order of magnitude or more greater than those recorded
for the lake itself and are of concern as to the potential impact on benthic organisms
and those animals, including humans, who consume them.
While this work can only provide a “snapshot” of conditions within Lake Macquarie
at the time of the sampling events recorded herein, it does make several important
contributions to the understanding of selenium biogeochemistry in Lake Macquarie.
These include:
· presentation of the hypothesis that selenium levels in surficial sediments being
deposited in the north of the lake have decreased in recent years as a result of
selenium reduction measures undertaken by the lead-zinc smelter;
· determination that up to 44% of selenium in surficial sediments from the lake is
associated with sediment phases in which selenium has the potential to become
remobilized and hence possibly bioavailable; and
 
· documentation of selenium concentrations in Wyee Creek, identifying the area as
having selenium concentrations an order of magnitude or more greater than the
lake itself.
vConcerning the role played by microorganisms in the biogeochemical cycling of
selenium in Lake Macquarie, this work has:
· identified individual isolated and mixed cultures of bacteria that can reduce
selenium as selenite to lower oxidation states;
 
· identified individual isolated and mixed cultures of bacteria that can reduce
selenium as selenate to lower oxidation states;
 
· identified volatile methylated selenium compounds in the headspace gases of
microorganisms reducing selenate;
 
· determined Minimum Inhibitory Concentrations for selenate and selenite for
organisms isolated from Lake Macquarie;
 
· identified casein hydrolysate as a preferred carbon source for selenium reducing
microorganisms from Lake Macquarie; and
 
· demonstrated that bioremediation of selenium contaminated waste streams using
indigenous organisms from Lake Macquarie is feasible on the laboratory scale.
Further research areas suggested by this work include:
· additional investigations of elevated selenium levels in Wyee Creek sediments;
 
· determination of the role of microbes in in-situselenium reduction; and
 
· optimisation of selenium biotreatment/bioremediation of selenium-containing
waste streams and sediments.
In summary, this work, in rejecting the null hypothesis that the oxidation states of
selenium in sediments from Lake Macquarie, NSW, are independent of microbial
vi
activity and accepting the alternate hypothesis that these oxidation states are not
independent of microbial activity, contributes to the understanding of the role of
microorganisms in the biogeochemical cycling of selenium, having applicability to
both the specific ecosystem of Lake Macquarie, NSW, and also to selenium cycling in
the environment in general.  In addition, this work has identified selenium
contamination in Wyee Creek, one of the fluvial inputs to Lake Macquarie, which was
previously been undocumented in the literature and which may pose significant
potential risk to humans and the ecosystem due to sediment selenium levels one or
more orders of magnitude higher than those recorded in the lake itself.  Finally, this
work has also identified a number of microorganisms indigenous to Lake Macquarie
with the ability to reduce selenium from toxic, mobile forms to less toxic, immobile or
volatile forms, and these organisms have been shown to have the potential for use in
treatment of selenium contaminated waste streams and also in the bioremediation of
selenium-contaminated sediments.
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1CHAPTER 1
INTRODUCTION
In reviewing current literature concerning selenium in marine organisms in Australia,
Maher et al. (1992) and Maher and Batley (1990) expressed concern that selenium
has not been characterised sufficiently in Australian marine ecosystems to know
whether or not is poses an environmental hazard.  They suggested that future research
within Australia should be directed at obtaining information on: selenium content of
waters, sediments and biota of nearshore environments; speciation of selenium in
water, sediments and biota; and selenium’s relationship with other trace elements.
This study is based in part on these research objectives as they relate to Lake
Macquarie, NSW, an estuarine lake on the Australian eastern seaboard approximately
85 km north of Sydney with a history of anthropogenic contamination by heavy metals
and metalloids (Roy and Crawford, 1984; Batley, 1987).
Contamination of fish with tissue selenium levels up to twelve times those
recommended for human consumption has recently been identified in Lake Macquarie
(Roberts, 1994).  Input of selenium into Cockle Creek, one of main fluvial inputs into
the lake, has been documented (SPCC, 1983) in the discharges from a zinc-lead
smelter north of the lake.  It would be expected that selenium be produced as a by-
product of operations at the smelter because of the ability of selenium to substitute for
sulfur in certain minerals such as clausthalite (PbSe)  (Kudryavtsev, 1974).  Additional
potential inputs of selenium into the lake, based on known sources of anthropogenic
selenium redistribution (Adriano et al., 1980; Elkin, 1982; Masscheleyn t al., 1991)
are: overflows and seepages from coal-fired power station ash dams, atmospheric
deposition of selenium present in gases released from the stacks of the power stations,
and discharges from a number of sewage treatment works directly into the lake.
Studies on heavy metal contamination of Lake Macquarie to date (e.g. Furner, 1977;
Roy and Crawford, 1984; Batley, 1987; Scanes, 1993) have focused mainly on metal
contaminants other than selenium, with only minimal data (Batley, 1987; Roberts,
21994) on selenium in the aquatic ecosystem of the Lake being available, although
recently there has been an increase in research activity concerning selenium in Lake
Macquarie.  Selenium contamination of aquatic systems has been demonstrated to
lead to bioaccumulation of selenium in plants as well as insects, birds, mammals,
reptiles and amphibians at levels causing concern as to potential toxicosis of the
animals and those which prey on them (Nriagu and Wong, 1983; Ohlendorf, 1989;
Ohlendorf and Hothem, 1995).  Ohlendorf and Hothem (1995) collated available data
on the impact of metal contaminants, particularly selenium, on wildlife in the
Kesterson Reservoir and other wetlands of the San Joaquin Valley in Central
California, USA and noted that a relationship exists between high-selenium diets, high
tissue selenium levels and reproductive effects.  In a previous study of the Kesterson
Reservoir, Ohlendorf (1989) had documented the teratogenic effects of selenium on
birds, resulting in either dead or deformed embryos, as well as mortality of adult birds.
Multiple developmental abnormalities in the avian embryos were encountered and
included missing or abnormal eyes, wings, beaks, legs and feet, as well as exposure of
the brain through cavities in the skull (exencephaly) and accumulation of fluid within
the skull (hydroencephaly) (Ohlendorf and Hothem, 1995).
Therefore, the risks posed to the aquatic and benthic organisms of Lake Macquarie by
elevated levels of selenium, as well as to the terrestrial animals and birds which may
feed upon them, is sufficient to warrant the development of an understanding of the
biogeochemical cycling of selenium in the Lake Macquarie ecosystem.  Given also the
potential health risks posed to humans in eating selenium-contaminated fish and
shellfish from the lake (Roberts, 1994), the large population base living on the lake
foreshores and surrounds and the importance of the lake for both commercial fishing
and recreational pursuits (TUNRA-DATEX, 1977), it is important to quantify the risk
posed to both humans and the environment by selenium contamination of Lake
Macquarie.  Additionally, such an understanding will allow for the evaluation of the
impact of possible management strategies for remediation of the lake from the
perspective of the impact that such strategies would have upon selenium
concentrations in the various compartments of the Lake Macquarie ecosystem.  For
example, Batley (1987) noted that dredging, one possible option for the remediation
of the contaminated sediment, may lead to exposure of lower sediment layers
3containing reduced forms of metals; these could then be reoxidised and released into
the oxic water column.
Separately, certain micro-organisms possess the ability to oxidise or reduce selenium
(Fleming and Alexander, 1973; Doran and Alexander, 1977).  Microbial volatilisation
of selenium from contaminated sediments and soils utilising naturally-occurring
microflora has been shown by Thompson-Eagle and Frankenberger (1992) to be a
potentially effective remediation strategy for the San Joaquin Valley in central
California, and the specific reduction of selenite to elemental selenium by bacteria has
also been demonstrated (Maiers et al., 1988; Steinberg and Oremland, 1990).  The
microflora of Lake Macquarie have previously been documented by Wood (1959)
(see Section 3.6.2).  Also, Riadi (1994) studied selenium transformations by bacterial
and algal species isolated from a power station ash dam adjacent to the lake.
However, heavy metal and metalloid conversions by micro-organisms native to the
lake have received little attention to date, with no studies published on the ability of
these bacteria to transform selenium from higher to lower oxidation states.  The
relative importance of micro-organisms in the biogeochemical cycling of selenium in
Lake Macquarie, and the potential for these organisms to be used in the in situ
remediation of contaminated lake sediments, has not previously been addressed in the
literature.
1.1 OVERALL AIM
The overall aim of this research program is to investigate the null hypothesis:
H0: That the oxidation state(s) of selenium in sediments from Lake Macquarie, NSW,
are independent of microbial activity; alternatively that micro-organisms do not
change the oxidation state of selenium in sediments within Lake Macquarie, NSW.
There are two subsidiary null hypotheses to be investigated which comprise part of
H0:
4H01: That micro-organisms from Lake Macquarie are unable to reduce Se(IV)
(selenite) to lower oxidation states.
H02: That micro-organisms from Lake Macquarie are unable to reduce Se(VI)
(selenate) to lower oxidation states.
The two null hypotheses H01 and H02 are concerned respectively with the reduction of
the mobile selenium oxyanion species selenite and selenate to lower oxidation states in
Lake Macquarie sediments.  Selenium in the Se(0) form, elemental selenium, is
immobile in sediments, and selenium in the Se(II) form includes volatile methylated
forms which be released and therefore removed from the benthic environment.
In obtaining data to accept or reject the null hypothesis H0, analy and quantification
of the oxidation state of selenium in Lake Macquarie sediments is required.  This is
considered below in Section 1.2
1.2 RESEARCH OBJECTIVES
Specific objectives to obtain data to accept or reject the overall and subsidiary null
hypotheses above ar  :
1. Determination of Selenium Oxidation States in Sediment Samples.  Sediment
samples from throughout Lake Macquarie and its associated fluvial inputs were
collected throughout the course of this work to provide samples for analysis of
selenium oxidation states.  Concentrations, speciation, sediment core profiles and
geochemical phase association of selenium in Lake Macquarie sediments were
determined on these samples.  Associated with these analyses, concentrations and
core profiles for selected heavy metals of commercial and environmental
importance, and organic carbon, to allow comparison with previous research and
provide data to support findings on selenium concentrations, were also
determined.
52. Isolation of Selenite- and Selenate- Tolerant Micro-organisms from Sediments.
To assess the two subsidiary null hypotheses regarding selenite and selenate
reduction by micro-organisms, sediment samples were obtained from throughout
Lake Macquarie and its associated fluvial inputs throughout the course of this
work to provide samples for isolation of micro-organisms tolerant to selenite and
selenate.
3. Determination of Selenite and Selenate Reduction Capabilities of Selenium-
Tolerant Micro-organisms.  Following on from Research Objective 2., indigenous
organisms from the lake possessing tolerance to selenite and/or selenate, both as
individual isolates and mixed cultures, were examined to quantify their ability to
reduce selenite and/or selenate to lower oxidation states.  This assessment
included determination of metabolic and related parameters associated with these
organisms, utilisation of carbon-substrates and the biologically-mediated
reduction and bioremediation of selenium by these organisms in  industrial and
environmental applications.
6CHAPTER 2
SELENIUM
2.1 INTRODUCTION AND HISTORICAL PERSPECTIVES
Adverse effects from what were later considered to be naturally-occurring excesses of
selenium have been reported since 1295 AD, when the Venetian explorer Marco Polo,
travelling through China, observed that “the hooves of his livestock became swollen
and dropped off when they grazed plants growing in certain areas” (Latham, 1968).
Reports of hair and hoof loss, tender bone joints, reproductive disorders and death
amongst livestock were recorded by a priest in Columbia in 1560 (Kerdel-Vegas,
1966).  US Army Surgeon Dr T C Madison reported in 1856 that horses of cavalry
regiments stationed at Fort Randall, Nebraska, USA in what is now the state of South
Dakota, suffered “hair, mane and tail hair loss and sloughing of hooves after grazing
on local rangelands” (Combs and Combs, 1986).  Similar reports of illness and death
amongst livestock, termed “alkali disease”, were recorded as this area and other areas
in the northern USA were subsequently opened up to farming and grazing.  It was not
until the 1930’s that elevated levels of selenium in the pasture grasses and other plants
on which the animals grazed, caused by uptake of selenium from soils which had
naturally high levels of this element, were determined to be the causative factor in
these livestock illnesses and mortalities (Rosenfeld and Beath, 1964).
The ecological impact of anthropogenic redistribution of selenium, as distinct from the
effects of naturally-occurring seleniferous regions, first became apparent during the
1980’s.  Reports of increased mortality and deformation of waterbirds at Kesterson
Reservoir, California, USA (Ohlendorf, 1989), were attributed to an influx of
agricultural drainage water containing elevated selenium concentrations.  Since then,
selenium contamination from anthropogenic sources and adverse effects on wildlife in
other areas arising from selenium have been reported (Nriagu and Wong, 1983;
Porcella et al., 1991).  This contamination is particularly associated with fly ash and
other combustion residues from coal-fired power stations (Adrianao et al., 1980), and
7also with crude oil (Elkin, 1982) and the smelting and refining of metal ores,
especially copper (Elkin, 1982; Nriagu, 1989).
The ability of selenium to substitute for sulfur in certain biological compounds such as
enzymes and other proteins, and the narrow range of concentrations between those
required for maintenance of human and animal health and those causing toxicity
(Ohlendorf, 1989), necessitates a thorough understanding of the occurrence of
selenium in the environment so that adverse effects, and particularly those associated
with anthropogenic activities, can be minimised or avoided.
2.2 PHYSICAL AND CHEMICAL PROPERTIES
Selenium (Atomic Number 34, Atomic Mass 78.96) was first identified by the
Swedish chemists J. J. Berzelius and J. G. Gahn in 1817 in the residue from a sulfuric
acid plant, who noticed an unusual residual slime during the oxidation of sulfur
dioxide from copper pyrites (Cry tal, 1972; Kudryavtsev, 1974).  The name selenium
is derived from the Greek word for moon (selene) and was given by Berzelius, who
originally thought it to be tellurium (the origin of its name being the Latin tallus, or
earth).  Considered a metalloid, it lies between sulfur and tellurium in Group VIA of
the periodic table and between arsenic and bromine in period 4.  Selenium is very
similar to sulfur in its chemical properties, and like sulfur occurs in a number of
oxidation states in elemental and combined forms, these being -2,  0, +2, +4 and +6
(Kudryavtsev, 1974).  The +2 oxidation state is not known to exist in nature (Elkin,
1982).
2.2.1 Physical Properties
Physical properties of selenium are considered in detail in the literature (Schmidt et
al., 1973; Kudryavtsev, 1974).  Elemental solid selenium (Se 0) exhibits allotropy and
may be found in either an amorphous state (powder, vitreous or colloidal) or in one of
three crystalline states (two crystalline monoclinic forms and a single crystalline
hexagonal form), dependent upon external conditions (Kudryavt ev, 1974).  The grey,
8semi-metallic crystalline form of selenium is the most stable form at ordinary
temperatures and exhibits the property of photoconductivity, whereby the electrical
conductivity of the element, which is ordinarily low when not exposed to light,
increases by approximately three orders of magnitude upon exposure to a light source.
Grey selenium is therefore used in photoelectric and photochemical applications such
as photoelectric cells in electric eyes and photographic exposure meters (Elkin, 1982).
The six stable isotopes of selenium and their relative abundance are 74Se (0.87%), 76Se
(9.02%), 77Se (7.58%), 78Se (23.52%), 80Se (49.82%) and 82Se (9.19%). A number of
unstable isotopes of selenium have also been discovered (Crystal, 1972).  Neutron
activation is used to produce a number of artificial isotopes of selenium.  For example,
75Se is used in medicine and other analytical applications because of its emission of
gamma-rays (Elkin, 1982), while 77Se has been used in nuclear magnetic resonance
studies (NMR) of organo-selenium compound metabolism (Fischer et al., 1989).
2.2.2 Chemical Properties
Positioned between sulfur and tellurium in Group VIA of the periodic table, the
chemical properties of selenium are intermediate between those of these two elements.
Selenium commonly exhibits the valences -2, 0, +4 and +6 in both simple and complex
compounds, and its salts are considered analogous to those of sulfur.  Selenium is
almost always associated with sulfur in endogenic processes (those occurring inside
the earth), while sulfur and selenium follow different paths in exogenic processes
(which occur at or near the earth’s surface).  In the latter process, sulfur is oxidised
relatively easily to soluble sulfates, which then migrate rapidly, while selenium is more
resistant to oxidation and requires strongly oxidising conditions to be oxidised to
soluble selenates, which may then be converted to elemental selenium by appropriate
reducing agents (Kudryavtsev, 1974).  The separation of selenium and sulfur in the
environment is because of the differences in boiling and melting points and oxidation
potential between the two elements (Lakin, 1973).
Metal selenides (chalcogenides) are considered “salts” of the acid H2Se (whi h is
formed by the reaction of selenium with hydrogen at temperatures above 200°C), and
9may be either monosubstituted acid selenides or disubstituted normal selenides, in
which selenium is reduced to the selenide (Se2-) oxidation state.  Acid salts are of the
form MHSe and are formed only from the alkali (Group IA) and alkaline earth (Group
IIA) metals.  Alkali, alkaline earth and heavy metals can all form selenides
(Kudryavtsev, 1974).  Selenides formed with metals and many non-metals resemble
sulfides in physical appearance, composition and properties (Elkin, 1982).
Typical reactions for the formation of selenides are:
BaSeO4 + 4H2 ® BaSe + 4H2O Equation 2.1
CuSO4 + Na2Se ® CuSe + Na2SO4 Equation 2.2
Selenides are oxidised by atmospheric oxygen more rapidly than the equivalent
sulfides.  Heavy metal selenides are insoluble in water, while the alkali and alkaline
earth metal chalcogenides are readily water-soluble.  Metal selenides resemble sulfides
in composition, appearance and properties.
In the environment, selenides are typically found in mineral forms.  Mineral selenides
are usually found in isomorphic association with sulfur minerals where Se2- can
ionically substitute for sulfur because of the similarities in ionic radius (Se 198 pm; S
184 pm; (Aylward and Findlay, 1977)).  These minerals include chalcopyrite (CuFeS2)
and pyrite (FeS2), as well as other sulfides including volcanic sulfur minerals and
galena (PbS).  Selenides may also occur as minerals in their own rights and include
ferroselite (FeSe2), achavalite (FeSe), clausthalite (PbSe), berzelianite (Cu2Se),
stilleite (ZnSe), tiemannite (HgSe) and cadmoselite (CdSe) (Kudryavtsev, 1974).
Kudryavtsev (1974) lists thirty-seven selenium minerals, including native minerals and
intermetallic compounds, selenides, sulfosalts, oxides and oxyacid salts, and notes that
selenium forms mineral compounds with sixteen elements, mostly those with high
atomic number including Pb, Hg and Fe.
Selenites, in which selenium is in the IV oxidation state, are prepared via the
neutralisation of selenious acid (H2SeO3) by the oxides, hydroxides or carbonates of
the corresponding metals.  They form two series of salts: normal selenites (M2SeO3)
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and acid or hydro-selenites (MHSeO3).  Water solubility of selenites and sulfites is
similar.  Selenites and selenious acid have important industrial applications including
the treatment of electrolytic copper refinery slimes, glass decolourisation and
production of pigments and photographic chemicals (Kudryavtsev, 1974).
Similarly, two series of metal salts - neutral (MSeO4) and acid (MHSeO4) - are
associated with selenic acid (H2SeO4).  Here, selenium is in the VI oxidation state.
Selenates and sulfates have similar colours, ease of crystallisation and water solubility,
although they have different decomposition pathways.  Selenates typically decompose
to give the metal selenite and oxygen, while the equivalent sulfate decomposes to give
the metal oxide, sulfur dioxide and oxygen.  This results from the greater stability of
salts in the selenite-selenate system compared with the sulfite-sulfate system.
Industrial uses of selenates include the production of enamels and glazes and glass
decolourisation (Kudryavtsev, 1974).
The reactions of selenium with oxygen yield a number of compounds of which
selenium dioxide, SeO2, is the most stable (Kudryavtsev, 1974).  Other oxides of
selenium are SeO, Se2O5, SeO3 and Se2O3.
Halides are formed from vigorous reactions between selenium and fluorine and
selenium and chlorine, and also from less vigorous reactions with bromine.
Selenohalides are not formed from iodine (Elkin, 1982).  Oxy-halides of selenium,
including SeOF2, a colourless liquid with a pungent smell, and S OBr2 which forms
orange crystals, have also been produced (Cordes, 1974; Kudryavtsev, 1974).
Selenium will also react with the non-metallic elements carbon, nitrogen, phosphorus
and sulfur under appropriate conditions (Elk n, 1982).  Nitrogen selenide (Se4N4) and
several phosphorus selenides of the form PxSey have been documented (Kudryavtsev,
1974).  Selenium sulfotrioxide, SeSO3, is a dark green crystalline substance and is
formed through the addition of elemental selenium to sulfur trioxide.
Organic compounds, in which chalcogens form a chemical bond with carbon, range
from simple structures such as CSe2 to aliphatic, aromatic, heterocyclic and other
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more complex compounds.  The principal types of organic compounds of selenium
have been surveyed by Kudryavtsev (1974) and were also the subject of an extensive
review of the field presented in Klayman and Günther (1973). Kudryavtsev (1974)
also noted that the carbon-chalcogen bond stability, thermal stability and oxidation
resistance decreases in the order S > Se > Te, that is with the increasing atomic radius
of the chalcogen.  As such, organosulfur and organoselenium chemistry have both
received much more attention than organotellurium chemistry.
2.2.3 Uses Of Selenium
The photoconductive properties of grey selenium make it suitable for use in a wide
range of photoelectric and photochemical applications.  Selenium also finds use in
glassmaking, production of metals and rubber, and various other industries (Elkin,
1982).
Kudryavtsev (1974) described the discovery of the unusual electrical and
photoelectrical properties of selenium in 1873 by W. Smith, whereby upon exposure
to light the electrical conductivity of selenium was found to increase by approximately
three orders of magnitude.  The conductivity of selenium was later found to be non-
linear, with the current increasing less than in proportion to the applied v ltage, and in
1924 the first commercial photoelectric selenium rectifier cell became available.
Photoelectric and photovoltaic cells containing selenium are used in light- and
temperature-sensitive applications including colorimeters, photometers, “electric
eyes”, automatic light switches, sound recording, fire alarm systems, light and infrared
detection and measuring apparatus (used in astronomical and other applications) and
in photocopying (Kudryavtsev, 1974; Elkin, 1982).  Selenium is used in glass
production to remove the greenish tinge arising from iron impurities.  Some of the
ferrous oxide present in the molten state is oxidised to a faintly yellow ferric oxide by
the added selenium compounds which in turn are reduced to red elemental selenium,
which compensates for the green colour of any remaining ferric oxide.  When added in
larger quantities, selenium imparts to glass a pink tinge, and when mixed with other
compounds, various colours in glass and ceramics are produced.  Religious and
decorative articles, as well as signal light lenses for traffic, automotive, railway,
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marine and other applications, have been made using selenium ruby glass since the late
1800’s.  Selenium also finds use in the ceramics industry in compounding coloured
glazes (Kudryavtsev, 1974).
The addition of selenium to steel, copper, nickel-iron, cobalt-iron and lead metals and
alloys alters the casting, machinability and mechanical properties of the metals (Elkin,
1982).  Typically, selenium is added as ferroselenium or iron selenide to austentitic,
ferritic and high alloy steels where it deoxidises and refines the structure and hence
the properties of the cast steel.  Selenium compounds also have applications in
anticorrosive coatings and in electroplating (Kudryavtsev, 1974).
Cadmium sulfoselenide is an important selenium-containing inorganic pigment used in
ceramics, paints, speciality inks and plastics.  Various colours may be produced
depending upon roasting conditions and reactant ratios, and range from yellow and
orange through to red and deep maroon (Kudryavtsev, 1974).
Selenium also finds use in the areas of medicine, pharmaceuticals and nutrition.
Selenium dioxide finds use as a catalyst in the manufacture of pharmaceutical
products and organic chemicals.  Anti-dandruff shampoos are available which contain
selenium sulphide or sodium selenite suspensions.  In some selenium-deficient areas,
such as parts of New Zealand, animal and poultry feed may be supplemented with
sodium selenite to prevent disease.  In veterinary medicine, selenium is also used for
preventing muscular dystrophy, infertility of ewes and white muscle disease of sheep,
and in controlling stress and high blood pressure in animals.  In human medicine
selenium has found use in treating selenium-deficiencies and to improve healing of
traumatised tissue (Kudryavtsev, 1974).  Additionally, seleno-organic compounds
such as Ebselen (2-phenyl-1,2-benzisoselenazol-3(2-H)-one; PZ-51) are finding use as
anti-inflammatory agents for the treatment of hydroperoxide-linked pathological
conditions (Sies, 1989).  There is also evidence which suggests that some selenium
compounds may exhibit anticarcinogenic properties(Ip, 1989).  More recently, results
of a double blind randomised cancer prevention trial from 1983 until 1996 were
reported by Clark (1997).  In this study, patients were assigned either a treatment of
200 µg of selenium per day from a high selenium yeast or a placebo of Brewer’s
13
yeast.  The trial observed that patients assigned to take the selenium supplement had a
37% lower incidence of cancer and 50% fewer cancer deaths during the period of the
study.  A 63% reduction in the incidence of prostate cancer was also reported in the
treatment group compared to the placebo group.  Clark (1997) cautioned however
that before the results of the study can be fully accepted by the medical and scientific
communities and before public health recommendations can be made concerning
selenium supplementation, the results of the trial need to be replicated in the general
public.
Other applications of selenium are: in the rubber industry as an aid to vulcanisation
and to improve ageing and mechanical properties of rubber; as dry powdered
lubricants for use at high vacuum and elevated temperature; as additives to lubricating
oils and grease to improve the detergent properties, assist in extreme pressure service
and inhibit oxidation; in photography where baths of sodium selenite produce prints
exhibiting warm brown tones; and in the production of delayed-action blasting caps
(Kudryavtsev, 1974).
2.3 OCCURRENCE
Selenium in the physical environment is distributed between the terrestrial, aquatic and
atmospheric compartments of the environment.  Selenium is distributed throughout
the environment (Figure 2.1) by processes including: volcanic activity; rock and soil
weathering; leaching of soils; transportation by groundwater; uptake and release by
plants, animals and micro-organisms; adsorption-desorption reactions; chemically and
biologically mediated oxidation-reduction reactions; and mineral formation (McNeal
and Balistrieri, 1989).  Anthropogenic activities such as the burning of fossil fuels and
disposal of industrial effluent and agricultural drainage water also redistribute
selenium in the environment, often with adverse effects upon wildlife (Adriano et al.,
1980; Nriagu and Wong, 1983; McNeal and Balistrieri, 1989; Ohlendorf, 1989).
2.3.1 Selenium in the Terrestrial Environment
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In the terrestrial environment selenium ranks 66th in order of crustal abundance
(Nriagu, 1989).  An average selenium content of 0.05 mg/kg is found in crustal rocks
(Taylor, 1964), where it typically occurs via isomorphous substitution in sulfide
minerals (Berrow and Ure, 1989) including chalcopyrite (CuFeS2), pyrite (FeS2),
galena (PbS) and volcanic sulfides.  More rarely, selenium minerals, including
achavalite (FeSe) and clausthalite (PbSe), may also occur (Kudryavtsev, 1974).
Selenium is also found in isothermal association with gold, antimony, silver and
mercury in hydrothermal deposits (Elkin, 1982).
No deposits exist in the world that could be mined for selenium alone.  Instead,
selenium recovery is incidental to the recovery of other metals from base sulfide
deposits mined for copper, zinc, nickel, silver, lead and mercury, where selenium can
form selenides or sulfoselenides with the metals (Elkin, 1982).  The majority of
commercial selenium is extracted as a by-product of copper refining (NAS-NRC,
1976).
Selenium concentrations in igneous rocks are generally low (the selenium content of
granite, for example, ranges from 0.01-0.05 mg/kg (Kabata-Pendias and Pendias,
1984)), which may be attributed to the escape of selenium as a high temperature
volatile gas during volcanic activity (Reuter, 1975).  Mayland et al. (1989) noted that
selenium concentrations are typically higher in sedimentary rocks compared with
igneous rocks, and that in sedimentary rocks, selenium associates with the clay
fraction, with shales containing larger concentrations of selenium than sandstone or
limestone.
Typical values for selenium content of sedimentary rocks compiled by Kabata-Pendias
and Pendias (1984) are: 1-100 mg/kg for phosphorites; 0.6 mg/kg for shales; 0.05-
0.08 mg/kg for sandstone; and 0.03-0.10 mg/kg for limestones and dolomites.
Higher values have been reported for black shales (including Cretaceous black shales
in Wyoming which have been reported as having selenium concentrations ranging up
to 300 mg/kg (NAS-NRC, 1983)), clay sediments containing colloidal matter rich in
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selenium; and shales containing iron or manganese ores to which selenium is strongly
adsorbed (Berrow and Ure, 1989).
Selenium is also found in fossil fuels including coal and crude oil.  Be row and Ure
(1989) collated selenium levels reported in the literature and reported levels in coal as
typically ranging from 0.46-10.7 mg/kg and from 0.06-1.4 mg/kg in oil.  However, in
Enshi County, Hubei Province, People’s Republic of China, selenium concentrations
of up to 90,000 mg/kg have been recorded in coal and are considered to be the cause
of endemic selenosis exhibited in the local populace (Yang et al., 1982).  Selenium
concentrations in terrestrial and geologic materials are compiled in Table 2.1.
While metallic ores represent point sources of selenium in the environment,
sedimentary rocks are the main source of selenium of significance to agriculture.
Sedimentary rocks are of agronomic signifi ance as they comprise the main parent
materials for cultivated soils.  Although weathering of selenium-containing rocks is
the primary source of selenium in soils (McNeal and Balistrieri, 1989), other factors
contributing to selenium in soils include: volcanic activity; formations underlying the
soil mantle; percolating ground or surface waters; plant and animal residues;
windblown dusts; marine aerosols; and anthropogenic sources (including mining and
other industrial activities, industrial smoke and fumes, application of fertilisers and
application to soils of wastes such as sewage sludges and fly ash) (Berrow nd Ure,
1989; Mosher and Duce, 1989).
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Figure 2.1 Selenium Cycling in the Environment Due to Natural and 
Anthropogenic Activities
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Seleniferous soils occur in dry regions of the world and include areas of Algeria,
Argentina, Australia, Bulgaria, Canada, Colombia, Ireland, Israel, Mexico, Morocco,
New Zealand, People’s Republic of China, Spain, United States (particularly
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Wyoming and South Dakota), parts of the former USSR and Venezuela (Rosenfeld
and Beath, 1964).  These soils can be either alkaline (pH 7.5 - 8.5) or acidic
(pH 4.5 - 6.5) (Lakin, 1973), depending upon the nature of the weathering of the
parent rocks.  Soils inherently low in selenium which are derived from granites and
sandstones can have plant-available selenium further reduced when these soils become
leached and acidic, as occurs in temperate latitudes.  This leads to selenium deficiency
problems in humans and animals which have been observed in China, Finland,
Scotland and New Zealand (Berrow and Ure, 1989).
While the total concentration of selenium in soils is important, the forms in which it
occurs determine whether problems of deficiency or toxicity will arise (Berrow and
Ure, 1989).  Berrow and Ure (1989) contrasted soils in Hawaii, where mean total
selenium concentrations in topsoils were found to be 6.7 mg/kg, (and ranging up to
20 mg/kg in both topsoils and subsoils, yet which showed no evidence of selenium
toxicity to animals grazing these soils (Byers et al., 1938)), with soils in South Dakota
and Kansas, USA, which, while having selenium concentrations of less than 1 mg/kg,
produced seleniferous vegetation (Byers, 1935).  The difference in selenium
availability was partly accounted for by the high iron contents of the lateritic Hawaiian
soils in which selenium was firmly fixed in an unavailable form (Berrow and Ure,
1989).
Forms of selenium occurring in soils include elemental selenium, selenates, selenites,
selenides and organic selenium (Allaway et al., 1967; Olson, 1967; Hamdy and Gissel-
Nielsen, 1976a).  Selenium availability to plants, and thence to animals grazing these
plants, is a function of soil pH and Eh as well as total selenium content (Berrow and
Ure, 1989).  Selenium in acid soils occurs as a basic ferric selenite (Fe2(OH)4SeO3) of
very low solubility and therefore availability.  In alkaline soils, selenium is oxidised to
the more soluble and therefore available selenate ion (S (VI)) (Lakin, 1973).
Geering et al. (1968) found that selenium concentration in solution in soils is
governed primarily by ferric selenite with selenium in the (IV) oxidation state.  Nye
and Peterson (1975) discovered that selenite is the predominant form of selenium
extracted from seleniferous soils, and they established a linear relationship between
18
selenium content in plants and total and free selenite-selenium in soils. This indicates
that selenite is the  major source of selenium in many soils and that this largely
controls its availability to plants.
Selenium in other oxidation states may exist in soils depending upon soil pH and
redox conditions (Berrow and Ure, 1989).  Where selenium was released from rocks
weathering under alkaline and well-aerated conditions, the selenium is oxidised to
selenate (Moxon, 1976).  These soils tend to be found in low-rainfall semi-arid areas
or those which are poorly-drained.  When such soils are irrigated, selenium may be
transported into or leached out of soils depending upon the selenium content of the
irrigation water.  Selenium in such soils is readily available to plants (Lakin, 1973) and
may also be leached to groundwater.  Plants grown on such soils may accumulate
selenium to levels that may be toxic to animals eating them.
In soils of arid regions where extensive weathering has not taken place, insoluble
selenides occur in association with pyrite formations (Trelease and Beath, 1949).
Insoluble selenides can also occur in acidic, water-logged soils (Oldfield, 1972).
Selenium in the elemental state in soils may be formed by mic o-organisms which can
reduce selenites and selenates to elemental selenium (Doran and Alexander, 1977).
Organic forms of selenium in soils are increased by decaying plant residues (Berrow
and Ure, 1989) and can be broken down to alkylselenides by micro-organisms
(Peterson et al., 1981).  They also increase as soil organic matter increases (Fleming
and Walsh, 1957), are retained more strongly in organic soils than mineral soils (van
der Elst and Tetly, 1970; Levesuqe, 1974; Hamdy and Gissel-Nielsen, 1976a;
Ylaranta, 1983), and are concentrated in and by organic matter (Ha dy and Gissel-
Nielsen, 1976b; Gissel-Nielsen and Hamdy, 1977).
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Table 2.1 Selenium Concentrations in Terrestrial and Geologic Materials
Material Selenium
Concentration (mg/kg)
References
Crustal Rocks: 0.05 Taylor, 1964
Granite 0.01-0.05 Kabata-Pendias and Pendias,
19841
Sedimentary Rocks:0.03-300 Kabata-Pendias and Pendias,
19841; NAS-NRC, 1983
Shales 0.6 Kabata-Pendias and Pendias,
19841
Sandstones 0.05-0.08 Kabata-Pendias and Pendias,
19841
Phosphorites1-100 Kabata-Pendias and Pendias,
19841
Limestones
& dolomite
0.03-0.10 Kabata-Pendias and Pendias,
19841
Cretaceous
Black Shales
up to 300 NAS-NRC, 1983
Coal 0.46-10.7 Berrow and Ure, 19892
Coal (China) up to 90000 Yang et al., 1982
Oil 0.06-1.4 Berrow and Ure, 19892
Soils (Hawaii) 6.7 - 20 Berrow and Ure, 19892,3
Soils (South Dakota)1 Byers, 19354
Notes:
1 Compiled from values in the literature by Kabata-Pendias and Pendias, 1984.
2 Compiled from values reported in th literature by Berrow and Ure, 1984.
3 Byers et al. (1938) reported no evidence of selenium toxicity to animals 
grazing on these soils.
4 Byers (1935) reported the presence of seleniferous vegetation on these soils.
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Allaway (1971) has summarised the complex interrelationship between selenium in
soils, rocks and plants as it relates to selenium availability to plants.  The author
concluded that when rocks with a h gh selenium content weather to form soils, well-
drained soils in dry areas will have selenides and other insoluble selenium compounds
converted to selenates and organic selenium compounds, and vegetation growing on
such soils will be potentially toxic to grazing animals.  In addition, Allaway (1971)
also observed that acidic soils in humid areas will contain selenium as selenite in
insoluble ferric oxide or hydroxide complexes, with vegetation growing on such soils
typically containing sufficient selenium to prevent livestock deficiency; and further
that poorly drained or alkaline alluvial soils will probably produce toxic vegetation.
Low selenium content rocks weathering to form soils under humid or dry conditions
were also predicted to result in vegetation containing insufficient selenium to protect
animals from deficiency, a situation exacerbated by increased humidity and soil
acidity.
2.3.2 Selenium in the Aquatic Environment
Selenium in aquatic systems can be divided into two categories based on an
operational definition of material which is either retained on, or passes through, a
0.45 µm filter (Cutter, 1989b).  Dissolved selenium is that which passes through the
0.45 µm openings in filters, while particulate selenium, typically consisting of
suspended sediments and other suspended solids, is contained in material which is of
particle size greater than or equal to 0.45 µm.  Cutter (1989b) noted that a problem
with these definitions is with elements in the colloidal phase, which are not truly
dissolved but nonetheless pass through the 0.45 µm filter, and considered that
selenium in the colloidal state is included in the operationally-defined fraction denoted
by Se(II + 0).
Freshwater Systems: While equilibrium thermodynamic modelling of freshwater
systems would predict selenate to be the predominant species in such waters at
pH 6-9, and that hydrogen selenide (Se(II)) and elemental selenium (Se(0)) should be
found in anoxic waters (Sillen, 1961; Turner et al., 1981), studies of selenium in
marine systems to date (Measures and Burton, 1980; Measures et al., 1980, Cutter,
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1982; Cutter and Bruland, 1984; and others collated in Sui and Berman, 1989) have
shown that such calculations for freshwater systems may be questionable.  This is
because selenium species which are predicted to be thermodynamically unstable have
been found in marine waters at significant concentrations, resulting from their
biological production and subsequent kinetic stabilisation (Cutter, 1989b).  Cutter
(1989b) observed that the speciation of dissolved selenium in the aquatic environment
involved both different oxidation states and different chemical forms within an
oxidation state.
In freshwater systems, dissolved selenium may exist in three oxidation states: Se(IV),
Se(VI) and Se(II), with Se(0) being colloidal selenium.  Turner et al. (1981)
considered the equilibrium speciation of dissolved components in water at 25 °C and
1 atm and concluded that when selenium is present as Se(IV) in freshwater it exists as
selenite (HSe03- at pH 6 and at pH 9 as 31% HSe03- and 69% Se032-) and when
present as Se(VI) is found in fresh waters of pH 6-9 as selenate, Se042-.  Cutt r (1982)
noted that selenium in the Se(II) oxidation state, selenide, is found in anoxic fresh
waters in the dissolved state as hydrogen selenide (H2Se + HSe-) or as organic
selenides, mainly selenoamino acids bound in soluble peptides, in both oxic and anoxic
waters.
Selenium in the particulate form, as well as biologically-bound or incorporated
selenium in aquatic biota, may be found in freshwater systems in the same oxidation
states as dissolved selenium, and may also be found in different phases of the
particulate matter (Cutter, 1989b).  Selenium in sediments may be associated with or
bound to the different geochemical fractions within sediments, which comprise the
exchangeable, carbonatic, reducible (hydrous Fe/Mn oxides), oxidisable (e.g., sulfides,
and for Se, selenides and elemental Se) and residual fractions (i.e., mineral bound,
e.g., selenium-containing pyrites) (Howard, 1977; Tessier et al., 1979).  These
different selenium fractions may be eluted from sediments using sequential extraction
schemes (Tessier et al., 1979; Orsini and Bermond, 1993; Whalley and Grant, 1993).
Exchangeable ions, carbonate and oxide fractions are generally the most mobile and
therefore most bioavailable in sediments (Batley, 1993) for uptake by aquatic
organisms.  In aquatic organisms, selenium as organic selenide is primarily found in
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proteins (Wrench and Campbell, 1981); while Cutter (1989b) noted that intracellular
fluids can contain dissolved selenium species, namely selenate, selenite and organic
selenides.
Numerous studies of selenium concentrations and speciation in river systems
(including streams and canals) have been reported in the literature, including studies
of waterways in Belgium (Robberecht et al., 1983), Brazil (Kharkar et al., 1968),
Canada (Takayangi and Cossa, 1985), France (Kharkar et al., 1968), Germany
(Robberecht and van Grieken, 1980), Japan (Uchida et al., 1980; Suzuki et al., 1981),
Taiwan (Hung and Shy, 1995), the United Kingdom (Burton, 1978; Measures and
Burton, 1978) and the USA (Kharkar et al., 1968; Takayangi and Wong, 1984a;
Takayangi and Wong, 1984b; Cutter, 1989a).
An overview of selenium concentrations and speciation reported in the literature for
freshwater systems is included in Table 2.2.  Data from studies conducted between
1968 and 1987 have been collated by Cutter (1989b), who observed that overall
riverine speciation data, with the exception of two high-selenium waterways (the San
Luis Drain in the USA and the Scheldt River in Belgium) showed selenate to be the
dominant form of selenium in rivers, streams and canals, with the organic selenium
component, Se(II + 0) having the lowest concentrations.  Overall ranges of selenium
concentrations in the literature surveyed by Cutter (1989b), excluding the San Luis
Drain and the Scheldt River, were found to be 0.016 - 0.72 µg/L for total selenium,
<1.6 x 10-4 - 0.2 µg/L for selenite, <1.6 x 10-3 - 0.66 µg/L for selenate, and
<1.6 x 10-3 - 0.065 µg/L for Se(II + 0).
Total selenium in the Scheldt River ranged from 0.23-1.78 µg/L while measured
selenite concentrations ranged from 0.13-1.45 µg/L (Robberechte  al., 1983).  The
San Louis Drain, which was constructed to remove subsurface agricultural drainage
waters from low water table areas in California and deposit them in the Kesterson
Reservoir, has among the highest dissolved selenium values ever reported for natural
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waters (Cutter, 1989b).  Total dissolved selenium concentrations in the San Louis
Drain ranged from 203-277 µg/L, with selenite, selenate and S (II + 0) concentrations
ranging from 5.3-5.4 µg/L, 196-218 µg/L, and 1.7-53.9 µg/L, respectively (Cutt r,
1989b).  Cutter cautioned that despite the overall data showing selenate
predominating in most riverine studies, every river is unique in terms of selenium
speciation and concentrations and broad generalisations regarding these are
inappropriate and misleading.
Overall concentration ranges for selenium in lakes and reservoirs reported in the
literature (Adams and Johnson, 1977; Cutter, 1978; Lindstrom, 1980; McClellan and
Frazer, 1980; Sinemus et al., 1981; Jiang et al. 1983; Lindstrom, 1983; Cooke, 1985;
Cutter, 1986) range from 0.05-5.0 µg/L for total selenium, and 1.6 x 10-4-0.23 µg/L,
<0.005-0.10 µg/L and 0.035-0.48 µg/L for selenite, selenate and S (II + 0),
respectively, with the exception of two severely impacted water bodies in the USA,
Kesterson Reservoir and Hyco Reservoir as considered below.
As previously noted (Section 2.1), reports of increased mortality and deformation of
waterbirds at Kesterson Reservoir, California in the mid-1980’s have been attributed
to an influx of agricultural drainage water containing elevated selenium concentrations
(Ohlendorf, 1989).  Evapoconcentration of this selenium-containing drainage water
has led to total selenium water column concentrations of 65.5 - 398 µg/L being
reported (Cooke, 1985), with concentrations of selenite, selenate and Se(II + 0) being
16 - 36 µg/L, 7.7 - 344 µg/L and 3.9 - 93 µg/L, respectively.
Hyco Reservoir, North Carolina is a source of cooling water for a coal-fired power
plant and also receives seepages and flows from an adjacent ash dam.  Here, total
dissolved selenium concentrations in waters from the reservoir were reported as
6.02±0.18 µg/L.  Speciation of selenium in these waters showed that the distribution
of selenium was 3.99±12 µg/L selenite; 1.18±22 µg/L selenate; and 8.52±0 24 µg/L
Se(II + 0) (Cutter, 1986).
While in Kesterson Reservoir selenate is by far the most predominant species (Cooke,
1985), selenite predominates in Hyco Reservoir (Cutter, 1986).  In Catfish Lake,
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North Carolina, also associated with a coal-fired power station, 66% of total selenium
is in the Se(II + 0) fraction.  High tannin and lignins in Robinson Impoundment, South
Carolina, a blackwater lake of low pH and with a coal-fired power station on its
shore, may be responsible for removal of selenium species from the waters of the lake,
resulting in the extremely low total selenium values reported (Cutter, 1986).  From
these and other data available in the literature, Cutter (1989b) concluded that lakes,
like rivers, also appear to have variable selenium speciation patterns.
Selenium concentration and speciation in potable waters, and water used for stock
and crop irrigation, is of concern for human and animal health.  In Australia,
guidelines issued by the Australian and New Zealand Environment Conservation
Council (ANZECC, 1992) suggest that total selenium levels in drinking water should
not exceed 10 mg/L, that levels in water for livestock watering should not exceed 20
µg/L, and that levels in water for irrigation should also have total selenium levels of
less than 20 mg/L.  A limit of 10 µg/L for selenium is also imposed by the NSW Clean
Waters Act (1970).
High selenium levels detected in mineral springs in France (Golev  and Lushnikov,
1967) have been questioned by Cutter (1989b) ased on the authors’ analytical
methodology.  Cutter (1989b) also noted that data from springs in the former USSR
exhibit total selenium concentrations some 30 times lower than those in French
springs.  Selenium concentrations and speciation in ground and drinking water have
been surveyed (Cutter, 1989b), with groundwater selenium concentrations ranging
from <0.05-27 µg/L, and concentrations in drinking water, typically obtained from
lakes and wells, being 0.12-0.44 µg/L.  Reports in the literature (Gol v  and
Lushnikov, 1967; Massée et al., 1977; Nazarenko and Kislova, 1978; Nève t al.,
1980; Robberecht and van Grieken, 1980; Roden and Tallman, 1982; Robberecht et
al., 1983) indicate that selenate is the primary selenium species present in
springwaters and ground and drinking waters.
Precipitation can be an important source of selenium to surface waters (Cutt r,
1989b).  Cutter and Church (1986) suggested that rainwater selenium is enriched by
fossil fuel combustion in the eastern USA.  In studies of wet deposition at Bermuda,
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Cutter (1993) concluded that the atmospheric flux of metalloids to the western
Atlantic Ocean represented a major source of selenium (up to 100%) and a
corresponding sink in their global atmospheric budgets of these elements.  Other
studies of selenium in rain and snow in Europe (Robber cht and van Grieken, 1980)
Japan (Suzuki et al., 1981) and the USA (Cutter, 1978; Cutter and Church, 1986)
have shown that total dissolved selenium concentrations are 0.005-0.33 µg/L, with
selenite and selenate values being 0.005-0.22 µg/L and <0.002-0.27 µg/L,
respectively.
Selenium concentrations in rain samples reported in the literature have been collated
by Mosher and Duce (1989) and range from 0.036 µg/L at an isolated atoll to 1.1
µg/L in a UK city.  Selenite was found to be the primary form of selenium in Tokyo
rainfall over a 30-month period (Suzuki et al., 1981), while in a study at Antwerp,
Belgium, (Robberecht and van Grieken, 1980) selenate predominated in one sample
while selenite did so in the other.  A Se(II + 0) concentration of 0.017 µg/L,
representing only a small fraction of total selenium, was reported in samples from the
Tokyo study (Suzuki et al., 1981), while in a study at Lewes, Delaware in the
continental U.S.A., Se(II + 0) was only detected in one sample at a concentration of
0.083 µg/L.
Marine Systems: Initial measurements of selenium concentrations in seawaters in the
1930’s estimated total selenium concentrations at 3.8 mg/L (Goldschmidt and Strock,
1935; Ishibashi et al., 1935; Wattenberg, 1938), although more recent measurements
of selenium concentrations at one to two orders of magnitude lower than this support
the contention of Siu and Berman (1989) that the higher values obtained in the
previous laboratory studies were erroneous because of contamination of samples
during collection and handling in the laboratory, and/or analytical errors.  Siu nd
Berman (1989) have surveyed and collated data in the literature from the mid-1960’s
to the 1980’s concerning selenium concentrations and speciation in seawater; the
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Table 2.2 Selected Selenium Concentrations in Freshwater Systems
Location Species Concentration
(µg/L)
Reference
Typical freshwater
concentrations1
Se(Tot) 0.05-5.0 See text
Se(IV) 1.6 x 10-4-0.23 See text
Se(VI) <0.005-0.10 See text
Se(II + 0) 0.035-0.48 See text
Kesterson Reservoir,
CA, USA
Se(Tot) 65.5-398 Cooke, 1985
Se(IV) 16-36 Cooke, 1985
Se(VI) 7.7-344 Cooke, 1985
Se(II + 0) 3.9-93 Cooke, 1985
Hyco Reservoir, NC,
USA
Se(Tot) 6.02±0.18 Cutter, 1986
Se(IV) 3.99±.12 Cutter, 1986
Se(VI) 1.18±.22 Cutter, 1986
Se(II+ + 0) 8.52±0.24 Cutter, 1986
Groundwater Se(Tot)2 <0.05-27 Cutter, 1989
Drinking water Se(Tot)2 0.12-0.44 Cutter, 1989
Rain and snow Se(Tot) 0.005-0.33 See text
Se(IV) 0.005-0.22 See text
Se(VI) <0.002-0.27 See text
Rain, UK city Se(Tot)3 1.1 Mosher and Duce, 1989
Notes:
1 Compiled from the literature by Cutter, 1989.
2 Predominately Se(VI). (See text for references).
3 Selenite Se(IV) was found to be the predominant species.
27
reader is referred to this reference for a comprehensive tabulation of this information.
A selected overview of selenium concentrations in marine waters is given in Table 2.3.
An average selenium concentration of 0.09 µg/L was reported in samples of both
surface and deep waters collected from the Atlantic and Pacific Oceans and the
Caribbean Sea (Schutz and Turekian, 1965), with reported selenium concentrations
ranging from 0.052 - 0.12 µg/L.  That selenium levels in open, unpolluted oceans are
well below 1 µg/L (Siu and Berman, 1989) is supported by a number of other
subsequent studies.  Total selenium concentrations in the North Sea have been
reported as ranging from 0.045-0.27 µg/L (Lieser et al., 1977; Massée et al., 1977;
Heuss and Lieser, 1979; van der Sloot, 1979; Robberecht and van Grieken, 1980).  In
Japanese seashores, Shimoishi and Tôei (1978) reported selenium concentrations
ranging from 0.033-0.047 µg/L, while Uc ida et al. (1980) found slightly higher
concentrations of 0.048-0.067 µg/L.  Selenium concentrations in waters from the
Pacific Ocean ranged from 0.006 - 0.208 µg/L (Sugimura et al., 1976; Sugimura and
Suzuki, 1977; Suzuki et al., 1979; Measures t al., 1980; Cutter, 1982; Measures et
al., 1983; Cutter and Bruland, 1984), and in the Atlantic Ocean Measures and Burton
(1980) reported selenium concentrations ranging from 0.025-0.125 µg/L.  In
Chesapeake Bay, an inlet of the Atlantic Ocean on the st coast of the USA, and the
James River estuary which is an input to the Bay, Takayanagi and Wong (1984)
reported total concentrations of total selenium from 0.022-0.15 µg/L.
Profiles of total selenium concentration with water-depth were examined by M asures
et al. (1980), Cutter (1982) and Cutter and Bruland (1984) for various locations in
the Pacific Ocean and by Measures and Burton (1980) for the Atlantic Ocean.  Off the
coast of San Diego, USA, Measures et al. (1980) found an increase in selenium
concentration with depth, ranging from 0.045 µg/L at 50 m to 0.175 µg/L at 4089 m.
A similar trend was observed by Cutter and Bruland (1984) who reported selenium
concentrations in the eastern tropical Pacific Ocean ranging from 0.083 µg/L at 15 m
depth to 0.208 µg/L at a depth of 3250 m.  In Saanich Inlet, Vancouver Island in the
North Pacific, Cutter (1982) examined selenium concentrations between 10-196 m
water depth and reported corresponding total selenium concentrations as ranging
from 0.061-0.098 µg/L.  Measures and Burton (1980) determined the vertical total
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selenium profile for a site in the North Atlantic, with selenium concentrations ranging
from 0.048 µg/L at a 1 m depth to 0.138 µg/L at a depth of 4868 m.
In seawater, only the (IV) and (VI) oxidation states of selenium are considered to be
important inorganic selenium species (Sui and Berman, 1989).  Although initial
speciation studies of selenium in seawater reported no detectable concentrations of
Se(VI) and the presence of Se(IV) alone, at concentration ranges of 0.4-0.5 µg/L in
the English Channel (Chau and Riley, 1965) and from 0.04-0.08 µg/L off the coast of
Japan (Shimoishi, 1973), this was contradicted by both the results of later studies and
by thermodynamic considerations (Sillen, 1961).  Se(VI) concentrations of 0.06-0.12
µg/L in surface waters and rising to 0.20 µg/L in deeper waters, calculated on an
operationally-defined basis (being the difference between total selenium and Se(IV)),
were first reported by Sugimura et al. (1976), who also suggested that both the (IV)
and (VI) oxidation states of selenium may co-exist in natural water as a result of
constant and dynamic biochemical processes occurring in the ocean.  Subsequent
authors have also studied concentrations of both Se(IV) alone and Se(IV) and Se(VI)
in seawaters.  In the North Sea, Masséeet al. (1977) recorded concentrations of
Se(IV) and Se(VI) as 0.10µg/L and 0.03 µg/L respectively, while Robberecht and van
Grieken (1980) reported Se(IV) concentrations in North Sea waters ranging from
0.07-0.14 µg/L.  Se(IV) and Se(VI) concentrations in waters offshore from Japan
were found by Yoshii et al. (1977) to range from 0.020-0.055 µg/L and 0.036-0.28
µg/L, respectively, while in studies of Japanese seashore waters, Shimoishi and Tôei
(1978) recorded Se(IV) concentrations of 0.012-0.032 µg/L and Uchidaet al. (1980)
reported Se(IV) concentrations from <0.002-0.031 µg/L and Se(VI) concentrations
from 0.018-0.051 µg/L.  Near-shore Se(IV) concentrations of 0.40±0.12 µg/L were
documented at Oahu, Hawaii by Tzeng and Zietlin (1978).  In the Pacific and Indian
Oceans, Measures et al. (1983) reported Se(IV) concentrations from 0.004-0.062
µg/L and Se(VI) concentrations from 0.04-0.11 µg/L.
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Table 2.3 Selected Total Selenium Concentrations in Marine Waters
Location Concentration
(µg/L)
Reference
Seawaters 3.81 See text
Atlantic, Pacific and
Caribbean Oceans
0.09 (average)
0.052-0.12 (range)
Schutz and Turekian, 1965
North Sea 0.045-0.27 See text
Wadden Sea 0.24±0.02 van den Sloot, 1979
Japanese Seashores 0.033-0.047 Shimoishi and Tôei, 1978
Japanese Seashores 0.048-0.067 Uchida et al., 1980
Pacific Ocean 0.006-0.208 (range)See text
15 m depth 0.083 Cutter and Bruland, 1984
3250m depth 0.208 Cutter and Bruland, 1984
Atlantic Ocean 0.025-0.208 (range)Measures and Burton, 1980
50m depth 0.045 Measures et al., 1980
4089m depth 0.175 Measures et al., 1980
North Atlantic 0.048-0.1382 Measures and Burton, 1980
Chesapeake Bay 0.022-0.15 Takayanagi and Wong, 1984
Saanich Inlet, North Pacific0.061-0.0983 Cutter, 1982
Notes:
1 Results considered by Sui and Berman (1989) to be erroneous.
2 Concentrations correspond to depths of 1m and 4868m, respectively.
3 Concentrations correspond to depths of 10m and 196m, respectively.
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Vertical profiles of Se(VI) and Se(IV) in north Atlantic Ocean waters were recorded
by Measures and Burton (1980), who found Se(IV) concentrations ranging from
  0.002 µg/L at a 1 m depth to 0.035 µg/L at a depth of 4868 m; corresponding
Se(VI) concentrations ranged from 0.046 µg/L to 0.103 µg/L.  Vertical Se(I )
concentrations profiles were obtained by Cutter (1978) for the Santa Catalina Basin
off the Californian coast, USA, and increased with depth, ranging from <0.005 µg/L
at the surface to 0.070 µg/L at 1310 m.  In the Pacific Ocean vertical profiles of
Se(IV) and Se(VI) concentrations have been examined by Suzuki et al. (1980),
Measures et al. (1980), Cutter (1982) and Cutter and Bruland (1984).  These profiles
all exhibit an increase in selenium with depth, with the exception of those profiles
reported by Cutter (1982) for reducing waters of Saanich Inlet, Vancouver Island, in
the north-east Pacific Ocean.  Here an opposite trend, namely a decrease in the
concentrations of Se(IV) and Se(VI) with decreasing dissolved oxygen concentration,
was observed.  In the profiles of Suzukiet al. (1980) Se(IV) concentrations ranged
from 0.038 µg/L at the surface to 0.070 µg/L at 4830 m with a maxima of 0.073 µg/L
occurring at a depth of 710 m; Se(VI) concentrations at corresponding depths were
0.032 µg/L and 0.071 µg/L, although the Se(VI) maxima of 0.081 µg/L occurred at
3955 m.  Off the coast of San Diego, USA, Se(IV) concentrations over the 4089 m of
ocean depth studied by Measures et al. (1980) ranged from 0.004 µg/L at 50 m depth
to 0.062 µg/L at the maximum depth, with a Se(IV) concentration maxima of
0.065 µg/L occurring at a depth of 2994 m.  Concentrations of Se(VI) ranged from
0.041 µg/L at 50 m to 0.113 µg/L at the maximum depth, again with a maximum,
here being 0.118 µg/L, occurring at a depth of 2994 m.  In the study of Cutter and
Bruland (1984) in the eastern tropical Pacific, Se(IV) concentrations in a typical
profile ranged from 0.006 µg/L at 15 m depth to 0.080 µg/L at a depth of 3250 m,
with Se(VI) concentrations at the corresponding depths being 0.011 µg/L and 0.129
µg/L.  Selected selenate and selenite concentrations in seawaters available from the
literature are collated in Table 2.4.
A typical profile documented by Measures and Burton (1980) for dissolved selenium
concentrations in the Atlantic Ocean showed Se(IV) ranging from  0.002 µg/L at 1 m
depth to a maximum of 0.035 µg/L at 4868 m, while Se(VI) varied from 0.046 µg/L
at 1 m depth to a maximum of 0.103 µg/L at 4868 m.  The profiles of Se(IV) and
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Se(VI) observed by Measures and Burton (1980) lead to their suggestion that
selenium displays nutrient-type behaviour in marine waters.  This was based on the
resemblance of these profiles, and their correlation to, those of the micronutrients
silicate and phosphorus, and also that selenium was involved in biogeochemical cycle
in the oceans, involving removal at the surface (as evidenced by uniformly low surface
and near-depth concentrations) and regeneration in the depths (again as evidenced by
high concentrations in the deeper waters).  Measures et al. (1980), through the use of
box and advection-diffusion model calculations, examined the co-existence of both
Se(IV) and Se(VI) in oxic ocean waters, (which is contrary to thermodynamic
predictions that only Se(VI) should be present (Cutter and Bruland, 1984)), and found
that such a co-existence could be explained by either a unique redox cycle for
selenium which involved oxidation of Se(IV) at the surface and reduction of Se(VI) in
deeper waters, or by a downward transport of Se(IV) incorporated into biological
tissue at the surface.
Organic selenium is a term loosely-defined by Siu and Berman (1989) as including all
organically bound selenium species of different oxidation states.  This organic
selenium is an operationally-defined fraction: Cutter and Bruland (1984) describe a
method for the determination of organic selenium based on selective hydride
generation with sodium borohydride and analysis by atomic absorption spectroscopy.
Here, a total selenium fraction and a selenite plus selenate fraction are determined,
with the difference between them being the organic selenium fraction, comprising
selenium in the S (II) and Se(0) oxidation states.  Cutter and Bruland (1984) exclude
Se(0) from this fraction and term it organic selenide - their rationale is that Se(0) is
insoluble in seawater and could only exist as a pseudo-dissolved microcolloid.
Although these have been observed in rivers and estuaries (Takayangi and Wong,
1984a, b:, Takayangi et al., 1984), they have not been reported in coastal seawaters
and as uch Cutter and Bruland (1984) contend that selenide is the probable dominant
form of dissolved selenium in the Se(II + 0) fraction.
Organic selenium in seawater was first documented by Sugimuraet al. (1978), who
reported that between 27-45% of total selenium in surface seawaters from the north-
eastern Pacific Ocean was an organic fraction of unknown nature.  Subsequent
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researchers (Suzuki et al., 1980; Cutter, 1982; Cutter and Bruland, 1984; Takayangi
and Wong, 1984a) also reported the separation of an organic selenium fraction from
seawaters.  Suzuki et al. (1980) found organic selenium concentrations ranging from
0.008-0.031 µg/L in surface waters from the western Pacific, and also documented
vertical concentration profiles.  In the reducing waters of Saanich Inlet, Cutter (1982)
reported organic selenium concentrations of 0.001-0.1 µg/L - as waters became more
reducing at greater depths, organic forms of selenium were the predominant species
present, with inorganic species decreasing to analytical detection limits at
concentrations of 0.003 µg/L or less at 160 m and below, compared with organic
selenium concentrations increasing from 0.075 µg/L at 160 m to 0.095 µg/L at 196 m.
The characterisation of these reduced selenium species in seawater (whether elemental
selenium Se(0), seleno-amino acids or inorganic selenides, Se(II)) is not well
understood.  Cutter and Bruland (1984) reported that dissolved organic selenium
concentrations at a site in the eastern tropical North Pacific Ocean showed a
maximum of 0.08 mg/kg between 45-60 m, which correlated well with various
indicators of biological activity measured at the site including total pigments,
bioluminescence and primary productivity.  The concentrations of dissolved organic
selenide were then observed to decrease until a depth of 150 m, from whence they
rose again to a secondary maximum at 350 m of 0.03 mg/kg.  Unpublished dissolved
amino-acid profiles from this site were reported to have also shown an overall
maximum in the suboxic region at 300 m, and local maximum at 100 m.  Previous
research by Cutter (1982) in the reducing waters of Saanich Inlet, Vancouver Island,
in the north-east Pacific Ocean found that the organic selenide was associated with
total dissolved amino acids which were assumed to be seleno-amino acids in dissolved
peptides, and Cutter and Bruland (1984) noted that the similarity between the
observed depth profiles of dissolved organic selenide and free amino acids at the
North Pacific Ocean site is in accord with these previous findings.  The organic
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Table 2.4 Selenium Speciation and Concentrations in Marine Waters
Location [Se(IV)], (µg/L) [Se(VI)], µg/L Reference
North Atlantic  0.002-0.0351 0.046-0.1031 Measures and Burton, 1980
Santa Catalina
Basin
<0.005-0.0702 Cutter, 1978
Pacific Ocean 0.038-0.0703 0.032-0.0713 Suzuki et al., 1980
Pacific Ocean 0.004-0.0624 0.041-0.1134 Measures et al., 1980
Pacific Ocean 0.006-0.0805 0.011-0.1295 Cutter and Bruland, 1984
Atlantic Ocean  0.002-0.0356 0.046-0.1036 Measures and Burton, 1980
North Sea 0.10 0.03 Massée t al., 1977
North Sea 0.07-0.14 Robberecht and van Grieken,
1980
Offshore waters
- Japan
0.020-0.055 0.036-0.28 Yoshii et al., 1977
Seashore waters
- Japan
<0.002-0.31 0.018-0.051 Uchida et al., 1980
Seashore waters
- Japan
0.012-0.032 Shimoishi and Tôei, 1978
Nearshore
waters - Hawaii
0.40±0.12 Tzeng and Zietlin, 1978
Pacific and
Indian Oceans
0.004-0.062 0.04-0.11 Measures et al., 1983
Notes:
1 Concentrations correspond to depths of 1 m and 4868 m, respectively.
2 Concentrations correspond to depths of 0 m (surface) and 1310 m, 
respectively.
3 Concentrations correspond to depths of 0 m (surface) and 4830 m, 
respectively.
4 Concentrations correspond to depths of 50 m and 4089 m, respectively.
5 Concentrations correspond to depths of 15 m and 3250 m, respectively.
6 Concentrations correspond to depths of 1 m and 4868 m, respectively
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fraction of Takayangi and Wong (1984a) was found to linearly correlate with
dissolved organic carbon concentrations and have a molecular weight of less than
10,000.
Analytical techniques used by some researchers to determine selenium concentrations
and speciation in marine waters may have unintentionally resulted in selenate data
erroneously including some organic selenium fractions (Me sure and Wrench, 1983;
Cutter and Bruland, 1984; Takayangi and Wong, 1984a).  For example, Sui and
Berman (1989) noted that similar concentrations for selenate and selenite in deeper
waters at particular sites were obtained by both Cutter and Bruland (1984) (who
measured organic selenium), and Me sures et al. (1980) and Measures and Wrench
(1983) (who did not measure organic selenium).  They concluded that additional work
was therefore required regarding the analytical aspects of selenium chemistry so as to
further understand selenium biogeochemistry in the marine environment.
Particulate selenium concentrations in marine waters have been studied by Wrench
and Measures (1982) and Cutter and Bruland (1984).  In a study of a particulate
selenium uptake in a fjord ecosystem at Bedford Basin, Nova Scotia, Canada, Wrench
and Measures (1982) documented selective assimilation of selenite (Se(IV)) over
selenate (Se(VI)) during pulses of primary productivity in the coastal fjord ecosystem
by algal blooms comprised of diatoms and dinoflagellates, a finding which was
supported by previous laboratory studies (Butler and Peterson, 1967; Fowler and
Benayoun, 1976).  This determination of temporal changes in the particulate selenium
to particulate organic carbon ratios allowed a determination of selenium levels in the
natural phytoplankton population, which was estimated at 160-220 ngSe/g (wet
weight).  The biologically mediated flux of selenium in this ecosystem from the
surface ocean waters to deep waters was also determined and was calculated to range
from 7.4 x 109 to 1.0 x 1010 gSe/yr.
Cutter and Bruland (1984) studied particulate selenium from a site in the eastern
tropical North Pacific Ocean, where particulate selenium determinations were
performed on biogenic sediment trap materials.  Selenium fluxes calculated from this
data generally decreased with depth, from 1.40 µmol/m2.yr in the 50 m trap to 0.44
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µmol/m2.yr in the 970 m trap.  Particulate carbon and nitrogen profiles were also
determined, with a decrease in carbon and nitrogen concentrations and an increase in
the C:N ration being observed.  Cutter and Bruland (1984) postulated that this
increase in C:N ratio indicated that the fluxing particulate material became more
refractory with increased depth as labile organic materials and especially nitrogen
were removed.  They noted that at 100 m the C:N ra ion was 5.36 while at 470 m it
was 8.04, which demonstrated the effects of biodegredation of the fluxing material
and its repackaging.  Material in the 50 m trap was analysed for selenium speciation,
with the finding that only 9.5% of the total selenium flux from the mixed layer to
lower layers was in the form of selenate and selenite.  Cutt r and Bruland (1984)
concluded that selenium was being delivered to deeper waters mainly as selenide and
not as selenate or selenite, with the implication that the biological uptake processes
must include reduction of the selenium species and therefore loss of the original
oxidation state identity.  This is consistent with one of the models of Measur s and
Burton (1980) and with Cutter’s (1982) multistep regeneration model.  A
diagrammatic representation of selenium cycling in marine systems is given in Figure
2.2.
While at present it is generally agreed that the vertical distribution of selenate and
selenite in marine waters resembles that of the micr nutrients silicate and phosphorus
(Measures and Wrench, 1983; Cutter and Bruland, 1984), details of the cycle are still
debatable (Sui and Berman, 1989).  One interpretation of the marine biogeochemical
cycle of selenium (Cutter and Bruland, 1984) has the oceans receiving selenium inputs
in all four naturally occurring oxidation states, where selenium in surface waters is
then reductively incorporated into particulate matter and transported downward,
where it is regenerated at depth to produce Se(IV) and Se(VI) species, which are
returned to upper layers by vertical mixing.  Cutter and Bruland (1984) extensively
examined the kinetics of the regeneration and re-oxidation processes, dividing these
into three stages: the production of dissolved organic selenide from biogenic particles;
production of selenite by the abiotic or biotic oxidation of dissolved organic selenide
species; and the oxidation of selenite to selenate, the thermodynamically stable form
of selenium in oxic seawaters.  They observed that the rate of this last stage in the
regeneration of selenium from biogenic particles will affect the concentration of
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selenium in deep seawaters, and calculated from kinetic considerations that the rate of
transformation of particulate to dissolved selenium in the deep ocean is twice the
oxidation rate for selenite to selenate.  From this they further calculated that the mean
life of selenite in the deep sea with respect to oxidation is 1150 years, and when
contrasted against the average residence time of waters in the deep ocean of 1600
years, concluded that the mean life for selenite explained its ubiquitous presence in
deep ocean waters.
Figure 2.2 Selenium Cycling in a Marine Environment
Se(II-)org. SeO4
2-
SeO32-
Se(II-)org.SeO42-
SeO32-
Zooplankton
Ocean Surface
Ocean Depths
Input from Atmosphere:
Se(II-), Se(O), SeO32-, SeO42-
Adapted from Measures and Burton, 1980 and Cutter, 1982.
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Input of selenium into oceans may be from atmospheric or riverine sources.
Atmospheric selenium may be present in both aerosol and gaseous form (the latter as
methylated vapours) and also in precipitation, and is derived from both natural and
anthropogenic sources (Mosher and Duce, 1989).  The annual quantity of selenium
released from oceans to the atmosphere amounts to 6700 t/yr, which accounts for the
majority of the estimated total global flux of selenium to the atmosphere of 8399 t/yr
(Nriagu, 1989).  (See Section 2.3.4 for a discussion of the atmospheric cycling of
selenium).
As previously noted, Mosher and Duce (1989) also collated data on selenium
concentrations in rainwater samples in the literature, which ranged from 0.036 µg/L at
an isolated atoll to 1.1 µg/L in a UK city.  The concentrations of selenium, as well as
antimony and arsenic, were examined by Cutter (1993) in wet deposition samples
collected on a daily basis between 1988 and 1990 on Bermuda as part of the
Atmosphere/Ocean Chemistry Experiment (AEROCE).  Air masses passing over the
sample location were identified as having passed over North America or Europe-
North Africa and were largely marine in origin.  Those airmasses which had passed
over North America were found to have the highest volume weighted average (VWA)
concentrations and crustal enrichment factors for the three metalloids, with Cutter
(1993) suggesting that metalloid input is because of fossil fuel consumption.  By
contrast, the input into the Euro-African trajectories was considered to have arisen
from mineral aerosol inputs, as these air masses had the lowest VWA’s and
enrichment factors for the three metalloids approaching crustal values, with marine
events falling between these two extremes.  Cutt r (1993) concluded that the
atmospheric flux of metalloids to the western Atlantic Ocean represented a major
source of these three elements in surface waters (up to 100% for Se), which
represented a corresponding sink in their global atmospheric budgets of these
elements.
Aerosol samples were also collected at Bermuda and Barbados as part of AEROCE
and were analysed to determine the source of selenium (Ellis t al., 1993).  North
American anthropogenic emissions were found to be the major source of selenium at
Bermuda, with a marine biogenic source only accounting for 45% of the mean
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selenium concentration at Bermuda.  At Barbados, the variability in selenium
concentrations could not be solely explained by pollution sources.  Correlations
obtained between selenium and Sb, and between nitrate and non-sea-salt sulfate,
pointed towards a continental source for Se, whilst the correlation with methane
sulfonate suggested a significant marine biogenic source.  A marine biogenic source,
accounting for 60-80% of selenium at Barbados, was also suggested by the date.  Ellis
et al. (1993) observed, based on analysis of seasonal relationships, that the marine
biogenic source was most important during the summer.
Inputs of selenium into oceans from rivers have been studied by a number of
researchers, with the annual flux of selenium into oceans from river discharges during
normal weathering being estimated by B rtine and Goldberg (1971) as 7.2 x 106
kg/yr.  Nonweighted averages for selenium contributions from rivers to oceans have
been determined to be 0.20 µg/L (Kharkar et al., 1968) for the Rhone, Amazon and
seven North American Rivers and 0.27 µg/L for streams in England (Measures and
Burton, 1978).  Selenium concentrations in two rivers in southern Taiwan were
recently reported as ranging from 0.050-0.095 µg/L  (Hung and Shy, 1995).  There is
conflicting evidence in the literature on whether selenium is conserved during
estuarine mixing.  Measures and Burton (1978) reported conservation of both selenite
and total selenium for an English estuarine river, while Takayangi and Wong (1984)
and Takayangi et al. (1984) implied removal of total selenium and selenite and
production of selenate during estuarine mixing in the James river and Chesapeake
Bay, USA.  Removal of selenium during mixing of riverine and seawaters was
reported by Sugimura et al. (1976) in waters of Japan, while equilibration studies of
Kharkar et al. (1968) suggested that selenium would be desorbed from riverborne
particulates in seawater.  In a recent study of two rivers and estuaries in Taiwan, the
Kaoping and Erhjen, Hung and Shy (1995) reported that dissolved total selenium
behaved conservatively in the Kaoping estuary but non-conservatively in the Erhjen,
resulting from anthropogenic inputs into the river.  The authors further observed that
in this respect total dissolved selenium showed similarities with the behaviour of
redox-sensitive manganese.
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Sediments: Abiotic and biotic scavenging of dissolved ions from the water column and
their burial in sediments accounts for the observation that on a total mass basis, the
majority of selenium in freshwater lakes and reservoirs is found in sediments (Berrow
and Ure, 1989; Cutter, 1989).  While the majority of total sedimentary selenium
concentrations are between 1.6-4.0 mg/kg (Cutter, 1989), it is also apparent that
some pristine lakes have higher sedimentary selenium concentrations that
contaminated lakes (Cutter, 1989).  Sediments in lakes and reservoirs associated with
coal-fired power stations have been shown to have elevated levels of selenium
(Guthrie and Cherry, 1979; Cumbie, 1984; Cutter, 1986) with Cutter (1986) reporting
that sediments from the Hyco Reservoir, North Carolina had total sedimentary
selenium concentrations of 28.9±2.4 mg Se/kg.  Speciation of selenium was reported
by Cutter (1986) for sediments from Hyco Reservoir and Catfish Lake, North
Carolina and from Robinson Impoundment, South Carolina, with selenite
concentrations found to be 0.73±0.0 6 mg Se/kg, 0.1± 0.02 mg Se/kg, and <0.002
mg Se/kg, respectively.  Corresponding respective values for selenate were 3.1±0.2
mg Se/kg, 0.64±0.03 mg Se/kg, and 0.046±0.005 mg Se/kg, and for the Se(II + 0)
fraction, 25.1±0.24 mg Se/kg, 8.93±0.55 mg Se/kg, and 1.61±0.11 mg Se/kg.
The phase distribution of selenium in sediments has been studied by Cutter (1986)
using the sequential extraction methodology of Tessier et al. (1979).  Cutter (1986)
examined sediments from three power station receiving waters, finding that selenium
was primarily associated with the organic phase in these sediments, and that selenium
associated with the exchangeable, carbonate and iron-manganese oxide phases
comprised less than 10% of the total selenium in these sediments.  He concluded that
these results were in agreement with those obtained for sediments from non-impacted,
natural sediments (Cutter, 1985; Cutter, 1986).  Caution regarding drawing
conclusions concerning  selenium in sediments was called for by Cutter (1989b), who
noted the many complicating factors in operation in such situations, including
sedimentation rate (where an increased rate decreases concentration by dilution),
biological productivity (increased scavenging and removal) and sediment type
(carbonate sediments contain low selenium concentrations), and further observed that
sedimentary selenium concentrations may be lower in “polluted” lakes than in
“pristine” ones.
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Sedimentary selenium concentrations in streams and rivers reported in the open
literature have been collated by Berrow and Ure (1989) and range from <0.1 mg/kg to
43.4 mg/kg, the latter figure being obtained for a stream in Ireland (Kiely and
Fleming, 1968).  Sediment samples collected from the Powder River Basin in the
USA (Ebens and Shacklette, 1982) were separated by particle size, with selenium
concentrations showing a general tendency to increase slightly with decreasing size.
The concentrations of sedimentary selenium in marine sediments reported in the
literature range from 0.1 mg/kg to 2.4 mg/kg (Sokolova and Pilipchuk, 1970;
Sokolova and Pilipchuk, 1973; Koljonen, 1974; Pilipchuk and Sokolova, 1979;
Volkov et al., 1979; Loring, 1982).  In a study of Finnish sediment, Koljonen (1974)
found that residual sediments containing mostly feldspar and quartz were devoid of
selenium and that selenium content depended on the amount of colloids and fine clay
fractions present.  Sandy sediments from the Black Sea were found to contain 0.1
mg/kg selenium, whilst argillaceous material contained 2.4 mg/kg selenium (So olova
and Pilipchuk, 1970); a similar finding was recorded for the Bay of Fundy (Loring,
1982).
Selenium content in marine sediments from the north-western Pacific Ocean, in a
study by Sokolova and Pilipchuk (1973), ranged from 0.1-1.76 mg/kg, with an
average of 0.63 mg/kg.  Iron-manganese concretions contained from 0.4-0.78 mg/kg
selenium, leading the authors to suggest  that a role was played by organic matter and
iron sulfides in the fixation of selenium sedimentation and early diagenesis.  In a study
of the north Pacific from Japan to Mexico, Volkovet al. (1979) found that selenium
was concentrated in sediments as weakly soluble selenides under reducing conditions,
and that accumulation of both sulfur and selenium was related to diagenetic redox
processes and was therefore considered to be entirely determined by the
decomposition of organic matter in buried sediments.  Surficial sedimentary seleniu
concentrations in the Tyrrhenian Sea were 0.1 to 0.4 mg/kg (Pilipchuk and Sokolova,
1979) and were also found to correlate with organic carbon contents.
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2.3.4 Selenium in the Atmospheric Environment
The atmosphere serves as an important component in the biogeochemical cycling of
selenium and many other trace metals, acting as both a reservoir and transport
medium.  In the atmosphere, selenium may be present in both aerosol and gaseous
form (the latter as methylated vapours) and also in precipitation, and is derived from
both natural and anthropogenic sources (Mosh r and Duce, 1989).  Natural sources
of atmospheric selenium, and their global fluxes on a t/yr basis (Nriagu, 1989) include
volcanic activity and hot springs (320 t/yr), dust resuspension (99-132 t/yr), forest
fires (38 t/yr), sea salt spray (0.8 t/yr), vegetative exudates (11 t/yr) and biogenic
emissions from land (soils, marshes and wetlands) (1,230 t/yr) and oceans (6,700 t/yr)
for a total global flux of 8,399 t/yr.
As previously noted (Section 2.3.3), biogenic emissions of selenium account for
approximately 94% of atmospheric selenium derived from natural sources (Atkinson
et al., 1990), with volatile, methylated selenium compounds having been reported as
being produced by plants (Lewis et al., 1966), lake sediments and soils (Chau et al.,
1976), sewage sludge (Reamer and Zoller, 1980), and micro-organisms (Abu-Erreish,
1968; Fleming and Alexander, 1972; Doran and Alexander, 1977).  The alkylselenide
compounds (CH3)2Se, (CH3)2Se2 and (CH3)2SeO2 were identified in air in the vicinity
of aquatic environments in Belgium, although no correlation between dissolved
selenium in the water phase and the gaseous selenium compounds in the air were
found (Jiang et al., 1983).
Anthropogenic activities contributing selenium to the atmosphere, and their annual
fluxes (Nriagu, 1989) include the combustion of fossil fuels such as coal (1,216 t/yr)
and oil (175 t/yr), the burning of refuse and sewage sludge (48 t/yr), the smelting of
sulfurous metal ores containing substituted selenium (with the copper/nickel industry
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Table 2.5 Selenium Concentrations in Sediments
Location Concentration (mg/kg) Reference
Sediments (range) 1.6-4.0 Cutter, 1989
Hyco Reservoir, NC, USA28.9±2.4, Se(Tot) Cutter, 1986
0.73±0.076, Se(IV) Cutter, 1986
3.1±0.2, Se(VI) Cutter, 1986
25.1±0.24, Se(II+ + 0) Cutter, 1986
Catfish Lake, NC, USA 0.1± 0.02, Se(IV) Cutter, 1986
0.64±0.03, Se(VI) Cutter, 1986
8.93±0.55, Se(II+ + 0) Cutter, 1986
Robinson Impoundment,
SC, USA
<0.002, Se(IV) Cutter, 1986
0.046±0.005, Se(VI) Cutter, 1986
1.61±0.11, Se(II+ + 0) Cutter, 1986
Streams and rivers <0.1-43.4 Berrow and Ure, 1989
Marine sediments 0.1-2.4 (range) See text.
Pacific Ocean 0.1-1.76 Sokolova and Pilipchuk,
1973
Tyrrhenian Sea 0.1-0.4 Pilipchuk and Sokolova,
1979
Lake Macquarie, NSW 14 Bately, 1987
Kesterson Reservoir up to 232 Weres et al., 1989
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(105 t/yr) being the leading emitter (Nriagu, 1989)), and miscellaneous industrial
activities which utilise selenium such as the production of ceramics and electronic
components (13 t/yr) and iron and steel alloy industries (26 t/yr).  Nriagu (1989)
estimated that approximately 3781 t of particulate selenium and 2521 t of gaseous
selenium are released to the atmosphere annually because of industrial activity.
Mosher and Duce (1989) observed that the most important mechanisms for removal
of selenium from the atmospheric reservoir is removal by precipitation.  Selenium
concentration in rain samples reported in the literature have been collated by Mosher
and Duce (1989) and range from 0.036 mg/L at an isolated atoll to 1.1 mg/L in a UK
city.
Concentrations of atmospheric particulate selenium reported in the literature have
been collected by Mosher and Duce (1989) and ranged from 0.0048 ng/m3 over the
South Pole in Antarctica, from 0.011-0.58 ng/m3 at marine locations, and from 0.27-
120 ng/m3 at urban and semirural locations (the value of 120 ng/m3 was recorded in
the vicinity of smelter in Antwerp, Belgium).
The greatest anthropogenic contribution of selenium to the atmosphere comes from
the combustion of fossil fuels.  A selenium mass balance was conducted on a coal-
fired power plant in Memphis, Tennessee by Andren et al. (1975), who found that
approximately 32% of the selenium present in the coal was discharged to the
atmosphere in the vapour phase.  Only 0.3% of the selenium was recovered from the
slag, while 68% occurred in the fly ash and was trapped by a very efficient (99.6%)
electrostatic precipitator.  As all the selenium in the fly ash and slag was found in the
elemental form, the authors proposed that excess SO2 produced in the coal
combustion process reduced the SeO2 to Se(0), and, that in the vapour phase,
selenium would also be in the form of elemental selenium.
Haygarth et al. (1993) have recently studied long-term changes in the biogeochemical
cycling of atmospheric selenium.  Through the retrospective analysis of archived
samples of soils and herbage from a site in southwest England, analysis of selenium
content of the samples revealed an increase in the selenium content of herbage, which
was attributed to increased atmospheric deposition following increased use of fossil
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fuels.  Following the introduction of legislative changes regarding air quality in 1956
in the U.K., the atmospheric selenium loading at the site was found to decline, with
contemporary selenium concentrations in herbage being considerably lower that those
for the 1970’s.  This latter finding was attributed to a change in fossil fuel usage from
oil to gas.  Interestingly, Ha garth et al. (1993) concluded that a potential result of
declining atmospheric input of selenium to herbage may e an increase in livestock
selenium deficiency in regions where soil selenium concentrations are marginal.
2.4 BIOLOGICAL SIGNIFICANCE OF SELENIUM
2.4.1 Biochemistry of Selenium
Selenium is of importance in biological systems because of its ability to substitute for
sulfur in both organic and inorganic molecules, arising from similar ionic radii for the
two elements (Kudryavtsev, 1974).  Not all of the selenium ingested by an organism is
absorbed - insoluble selenium and indigestible selenium proteins will be excreted in the
faeces.  Absorbed selenium may also be lost from the organism through excretion via
the urinary tract as the trimethyl selenonium ion, or via the respiratory tract after
methylation to dimethyl selenide.  The remaining selenium is then normally
metabolised to selenium-analogues of sulfur-containing amino acids, which form the
basis for selenium containing polypeptides and proteins (Combs and Combs, 1986).
While selenium has the ability to substitute for sulfur in both organic and inorganic
molecules, selenium analogues of sulfur compounds do not necessarily behave in the
same manner in biological systems, with key differences including ease of reduction of
their oxyanions and acid strengths of their hydrides (Combs and Combs, 1986).  In
biological systems, selenium is ultimately reduced to selenide, while sulfur is oxidised
to sulfate for excretion.  This difference is shown in Equation 2.3 below, where S(IV)
is preferentially oxidised, while Se(IV) is reduced.
H2SeO3 + 2H2SO3 ®  Se(0)+ 2H2SO4 + H2O Equation 2.3
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Hence, selenium metabolism tends to more reduced states while sulfur metabolism
tends to more oxidised states.  This will obviously have an impact when selenium
substitutes for sulfur in organic biological compounds, compromising the metabolic
role of the compound because of the different metabolic pathways followed.  A
further difference in the biological behaviour of selenium and sulfur is the acid
strengths of the hydrides of selenium and sulfur - hydrogen selenide (H2Se) is much
more acidic than hydrogen sulfide (H2S).  This is seen in the dissociation behaviour of
the -SeH (selenohydryl) group on selenocysteine (where selenium has substituted for
S in the amino acid cysteine) (pK 5.24) and the -SH (sulfhydryl) group on cysteine
(pK 8.25).  Here, cysteine is normally protonated at physiological pH, but at this pH
the selenohydryl groups are primarily dissociated.  The integrity of the substituted
cysteine is therefore compromised through the substitution of selenium for sulfur, and
its metabolic role altered, as hydrogen bonding, which determines the molecular three-
dimensional structure of the protein, is effected.  This results in selenocysteine having
a different three-dimensional structure to cysteine (Combs and Combs, 1986).
The reduction of selenium in biological systems has also been shown in studies with
selenite (as selenious acid), where it has also been shown to react spontaneously with
biologically important sulfhydryl compounds such as cysteine, glutathione and
coenzyme A to form unstable “selenotrisulfides”, of the formula RS-Se-SR, which
readily decompose to the disulfide and elemental selenium at alkaline pH (G nther,
1968).  The reaction for the formation of the selenotrisulfide was first proposed by
Painter (1941) and is given as Equation 2.4.
4 RSH + H2SeO3 ® RS-Se-SR +RSSR + 3H2O Equation 2.4
2.4.2 Selenium in Nutrition
The essentiality of selenium for animal nutrition was supported by the observations of
Schwarz and Foltz (1957) that selenium was the previously unknown factor (Factor
3) found in yeast, liver and kidney which was necessary for the prevention of liver
necrosis in vitamin E-deficient rats.  Evidence for a role for selenium in human
nutrition was longer in coming, as up until the late 1970’s, no ill health effects
46
amongst human populations due to differences in selenium intakes had been reported
in the literature.  The discoveries in the 1970’s that selenium was an integral
component of the glutathione peroxidase enzyme (SeGSHpx) of humans, and that
dietary selenium content exhibited a direct influence on tissue SeGSHpx activity,
provided a basis for the hypothesis that selenium was an essential nutrient in the
human diet (Rotruck et al., 1973).  It was not until the late 1970’s, when earlier
studies conducted in China describing endemic selenium deficiencies in localised areas
(Guang-Qi, 1987) received world-wide attention, that hard evidence for the
essentiality of selenium in human nutrition became available.  Despite earlier evidence
by Trelease and Trelease (1938, 1939) suggesting a nutritional role for selenium in
plants, subsequent studies (Broyer t al., 1966, 1972a, 1972b) have failed to confirm
this premise.
The key biological role of selenium in animals and humans is considered to be in the
SeGSHpx enzyme system, which contains a selenocysteine moiety in its active site
(Toyoda et al., 1989).  GSHpx is described by To oda et al. (1989) as a
“housekeeping” enzyme, which functions to protects cells against the effects of
oxygen by destroying hydrogen peroxides and organic peroxides.  GSHpx converts
hydrogen peroxide into water;  hydrogen peroxide, if not removed, can interact with
other cell constituents to form free radicals.  These can proliferate, causing structural
changes in lipids and proteins and may lead to changes in cell membranes, potentially
compromising cell integrity and leading to death of the cell (Milner, 1995).
Other biological roles of selenium include metabolism of prostaglandin and
glutathione (Combs and Combs, 1986) and heme (Burk and Correia, 1981); selenium
is also important in spermatogenesis (McConnell and Burton, 1981).  Additionally,
selenium also comprises a component of proteins other than GSHpx (Beh eet al.,
1989).
In mammalian and avian species, selenium is a naturally occurring trace element
essential to health (Levander and Beck, 1995), with lower intakes being characterised
by a variety of symptoms, many of which are related to alterations in cardiac and
muscular systems (Milner, 1995).  van Vleet and Ferrans (1992) list diseases of
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animals that are responsive to supplemental selenium which include necrotic liver
degeneration, infertility, unthriftiness, poor hair and feather development, exudative
diathesis and pancreatic atrophy and fibrosis.
Inadequate selenium intake in humans is associated with the incidence of Keshan
disease, a cardiomyopathy characterised by severe deterioration and multiple focal
necrosis of the heart (Milner, 1995).  The disease is endemic to certain areas in China
where soils are typically low in selenium (Li et al., 1985; Ge and Yang, 1993).
Increased intakes of selenium through the provision of selenium-fortified table salt
have been shown to substantially reduce the incidence of Keshan disease (Cheng and
Qian, 1990).  Another disease related to inadequate selenium intake is Kashin-Beck
disease.  This is an osteoarthropathy endemic to eastern Siberia, northern Korea and
parts of China associated with severe selenium-deficiency and which affects cartilage
and growth plates of growing bones (Mo, 1986), and like Keshan disease selenium
supplementation in prevention and therapy have yielded promising r sults (Combs and
Combs, 1986).
Minimal daily dietary selenium levels required for humans to maintain plasma GSH-px
activity at its maximum have been reported as 62 mg for males and 55 mg for females
(Yang et al., 1989).  Levels of selenium considered safe for human oral exposure are
550 mgSe/day from inorganic selenium salts and 775 mgSe/day from seleniferous
foods or organic selenium compounds (Combs and Combs , 1986).
2.4.3 Selenium Toxicity
Ohlendorf (1989) noted that elevated levels of selenium in either water or diet can
result in acute toxicity, pathological changes in tissue, impaired reproduction
(including mortality of embryos and developmental abnormalities of young) and
chronic poisoning of adult animals.  In a summary of the literature surrounding
selenium toxicity, Milner (1995) concluded that the specific mechanism by which
excess selenium produces symptoms of toxicity is relatively unknown, but observed
that recent research suggested that the reaction of selenite and selenocysteine with
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glutathione produces superoxide (O2-), hydrogen peroxide and possibly other
cascading oxyradicals which can lead to destruction of cells.
Acute toxicity of inorganic selenium compounds is a function of oxidation state and
aqueous solubility and results from exposure to extremely high levels from a single
event (Shamberger, 1983).  In animals, consumption of large quantities of so-called
indicator plants, containing up to 10,000 mg/g selenium, will result in acute toxicity.
While such plants will usually be unpalatable to animals, poor weather conditions or
overgrazing may force animals to eat such plants (Shamberger, 1983).  Symptoms
associated with acute selenium toxicity in animals are garlic breath, lethargy, excessive
salivation, vomiting, dyspnoea and muscle tremors, the latter leading to respiratory
failure and death (NAS-NRC, 1976).  In humans, acute selenosis is mostly due to
occupational exposure of workers in copper smelters and selenium rectifier plants.
Exposure is mainly via airborne selenium and SeO2 erosols, which hydrate to H2SeO3
on contact with the skin and mucous membranes (Combs and Combs, 1986).
Symptoms may include an immediate irritation to the mucous membranes of the upper
respiratory tract, followed by headache, nausea, fatigue, vomiting, dizziness, a bitter
taste in the mouth and garlic breath; pulmonary oedema may also result (Shapir ,
1981).
Sub-acute selenium toxicity arises because of exposure to high selenium levels over a
period of time.  Symptoms are mainly neurological and include blindness, ataxia and
respiratory distress.  The animal disease “blind staggers” results from sub-acute
selenium toxicosis (Rosenfeld and Beath, 1964).
Exposure to moderate levels of selenium over time may lead to chronic selenosis, and
in animals may cause dermatic lesions, hoof necrosis and loss, emancipation, anorexia
and weight loss.  This is commonly referred to as “alkali disease” amongst animals
and is exemplified by the loss of hair and sloughing of hooves experienced by US
Army horses is South Dakota, USA in the 1850’s (Rosenfeld and Beath, 1964).
Chronic selenosis in humans occurs in both occupational-related and unrelated
situations via inhalation of selenium fumes and topical exposure to Se-containing
materials.  In seleniferous geographic regions, such as Enshi province in China, high
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levels of selenium in the soil and food of the region may lead to chronic consumption
of excess selenium and therefore chronic selenosis (Milner, 1995).
Reproductive effects of selenium include reduced rates of conception and of progeny
weaned (Olson, 1969).  Selenium is considered teratogenic (i.e., causing birth defects
in embryos) to birds only - the impact of selenium on waterfowl embryos has been
documented by Ohlendorf (1989) and Ohlendorf and Hotham (1995).  Teratogenicity
to humans has not been proven (Jaff , 1973).
Excessive selenium is also considered to be cariogenic to both animals and humans,
that is, causing an increase in the incidence of dental cavities if exposure occurs
during tooth development (Johnson and Shearer, 1981; Curzon, 1981).  Additionally
excessive selenium can also cause eye cataracts (Bhuyan et al., 1981).
2.5 SELENIUM BIOGEOCHEMISTRY
2.5.1 Behaviour of Selenium in the Environment
The behaviour of selenium in sediments, soil, the water column and the atmosphere is
complex and is subject to factors including sediment redox potential (Eh) and pH
(Elrashadi et al., 1987, 1989), sediment characteristics (Besser et al., 1989), the
solubility of Se-containing mineral phases and ligand complexing ability (Masscheleyn
and Patrick, 1993) and oxidation-reduction, mineralisation and methylation reactions
mediated by micro-organisms (Doran, 1982).
As previously noted, selenium commonly exists in nature in four oxidation states:
Se(VI) (selenate), Se(IV) (selenite), selenium (0) (elemental selenium) and Se(II)
(selenide) and in both organic and inorganic forms.  Selenate and selenite are typically
the most mobile selenium species found in aqueous systems (Neal and Sposito, 1989).
Under the pH and Eh conditions encountered in most soils and natural waters, these
aqueous species are found as the selenate (SeO42-), selenite (SeO32-), or biselenite
(HSe03-) oxyanions (Robberecht and van Grieken, 1982; Neal and Sposito, 1989),
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although metal selenides (containing Se(II)) and elemental selenium are predicted
from thermodynamic considerations to be stable under highly reducing conditions,
such as would be found in flooded soils (Mikkelsen et al., 1989).  Selenide-containing
minerals may occur when selenium substitutes for sulfur in metallic sulfide minerals
such as the iron-containing chalcopyrite (CuFeS2) and pyrite (FeS2), as well as other
sulfides including pyrrhotite (FeS) and galena (PbS).  They may also occur as minerals
in their own rights including ferroselite (FeSe2), achavalite (FeSe) and clausthalite
(PbSe) (Kudryavtsev, 1974).  Elemental selenium has been reported in some
sediments where it is associated with microbial activity (Oremland et al., 1989); it has
also been encountered mixed with native sulfur (Howard, 1977).
Selenium mobility and toxicity is affected in part by its chemical form (Shamberger,
1983) and hence an understanding of the transformations of selenium between its
forms, as well as the relative abundance of each selenium species within a given
ecosystem, is necessary in understanding and quantifying the potential and/or actual
impact of selenium upon that system.  Elemental selenium and metal selenides are
generally insoluble and are hence effectively immobile in the environment unless
reoxidised (Elrashidi et al., 1987)  Selenate and selenite species are however more
soluble and also more mobile in the environment, and hence more readily taken up by
organisms.
Selenium speciation is therefore a key component in understanding selenium
biogeochemistry.  Major factors impacting and controlling this speciation in aquatic
and sedimentary environments, and therefore the biogeochemistry of selenium in such
environments, are complexation reactions, the solubility of Se-containing minerals,
oxidation-reduction reactions and volatilisation and methylation reactions
(Masscheleyn and Patrick, 1993).
As part of their review of selenium wetland biogeochemistry, Masscheleyn and
Patrick (1993) developed a conceptual model of selenium chemistry in wetlands,
which is consistent with the results and findings of field studies of selenium
biogeochemical cycling in a coastal salt marsh in Delaware, USA (Velinsky and
Cutter, 1991).  In this model, selenium behaviour in floodwater overlying wetland
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soils and sediments is considered to be determined by oxidation-reduction reactions
and complicated by sorption reactions, microbial assimilation, and methylation.
Selenium solubility in the soil or sediment is determined by precipitation/dissolution
reactions and/or sorption reactions, with selenium solubility controlled by elemental
selenium and/or metal selenides and selenium-containing minerals under reducing
wetland conditions.
With the addition of anthropogenic inputs of selenium into the system, the model of
Masscheleyn and Patrick (1993) can be expanded to model selenium biogeochemical
relations in an aquatic freshwater or estuarine environment subject to inputs from such
sources including coal-fired power stations and metal smelters (Adriano et al., 1980;
Elkin, 1982).  The expanded conceptual model of selenium biogeochemical cycling,
based upon the work of Masscheleyn and Patrick (1993) is presented in Figure 2.3
below.  Lake Macquarie, NSW, Australia is an example of an estuarine system which
has been subject to a century of selenium input from a lead-zinc smelter and more
recently by ash-dam overflows and atmospheric deposition arising from coal-fired
power stations (Roy and Crawford, 1984; Batley, 1987).  Selenium contamination of
the Lake Macquarie ecosystem is reviewed in Chapter 3.
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Figure 2.3 Biogeochemical Cycling of Selenium (after Masscheleyn and 
Patrick, 1993)
BIOGEOCHEMICAL CYCLING OF SELENIUM
IN  A COASTAL LAKE SUBJECT TO ANTHROPOGENIC
INPUTS (after Masscheleyn and Patrick, 1993)
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2.5.2 Impact of  Redox Potential and pH on Selenium Speciation
The oxidation state of selenium can theoretically be predicted through the use of
solubility and redox-pH (Eh-pH) diagrams generated from thermodynamic
considerations (Elrashidi et al., 1987; Neal et al., 1987; Masscheleyn et al., 1990,
1991a, 1991b).
In a detailed investigation, Elrashidi et al. (1987) compiled and developed
thermodynamic data on 83 selenium solution and mineral species that relate to soils,
as well as additional associated reactions in the soil and aqueous environments.
Standard free energies of formation were used to calculate equilibrium constants
which in turn were used to calculate thermodynamic solubility diagrams for the
selenium minerals and solution species.  Species groupings and/or reaction types for
which equilibrium constants were evaluated were: redox reactions, acid reactions,
metal selenates, metal selenites, metal selenide solution complexes, and the
aforementioned associated reactions.  Data from each species grouping or reaction
type, comprising solubility lines for each individual reaction, were then plotted on log
species activity-pH graphs from which conclusions regarding mineral species present
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in soils were drawn.  Additionally, log activity-redox (defined as pE+pH) plots were
also generated to study the effect of redox on soluble selenium species equilibria.
From this data, mineral selenate species were considered to be too soluble to persist in
cultivated soils, with MnSe03  the only mineral selenite species predicted to be stable
in acid soils and PbSe03 the most stable selenite in alkaline soils.  Metal selenides were
generally found to be of extremely low solubility in highly reducing soils and less
soluble than elemental selenium, which was predicted to be thermodynamically
unstable in soils.  The metal selenides were therefore predicted to be a major sink
under highly reduced conditions for introduced selenium.  The authors concluded that
only a minimal hazard because of selenium toxicity would be posed by contamination
of soils or water by selenides, provided that their depository remains a reducing
environment.  In considering solution species, selenate oxyanions were predicted to be
the predominant solution species found under highly oxidising conditions (pE+pH >
15) in both alkaline and acid soils.  In acid soils in the redox range 7.5-15.0, the
biselenite ion predominates, while the predominant species in alkaline soils in the same
redox range is the selenite oxyanion (Se032-).  HSe- predominates under highly
reducing conditions (pE+pH < 7.5) and particularly so in the alkaline range.  H2Se
species only contribute significantly to selenium in solution under strongly acidic
conditions.  Selenide (Se2-) was found to be extremely insoluble and therefore
unimportant for most soils.
Boundary lines for different species drawn on pE-pH diagrams (Neal et al., 1987a,
1987b) are used to delineate which selenium species are predicted to be stable at a
given range of pE and pH conditions.  Such diagrams are potentially more useful than
those where activity comprises an axis, as both redox potential and pH are readily
measured in both laboratory and in the field, and therefore the selenium species
expected to be present can be readily predicted.  Neal et al. (1987a) found that, under
pE and pH conditions typically found in soils (approximately 5 - 15 and 4 - 9,
respectively) selenate, selenite and elemental selenium are the predicted stable species.
Masscheleyn et al. (1991a) studied the system Fe-S-Se-H2O and calculated a phase
diagram containing the equilibrium reactions involving both ionic and solid phase
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species, which they contended was more useful than diagrams containing only the
predominance areas of dissolved selenium species (e.g., Neal et al., 1987).  The Fe-S-
Se-H2O system was chosen as it represented the key species involved in the bacterial
mineralisation of organic matter in anoxic soils, sediment porewaters and flooded
soils.  Iron and sulfur are considered the most important electron acceptors in this
mineralisation process, with the result that high concentrations of dissolved irons and
sulfides, and reduced iron minerals, are commonly encountered in anoxic soils and
sediments (Masscheleyn et al., 1991a).  Selenium oxyanions, present in smaller
concentrations, can also function as electron acceptors in the bacterial mineralisation
process (Zehr and Oremland, 1987; Oremland et l., 1989; Rech and Macy, 1992)
and are considered in greater detail in Section 2.6.
Masscheleyn et al. (1991) concluded, based on their pE-pH diagrams, that the
selenium species expected at the pH and redox conditions present in most soils and
aerobic sediments would be the selenate (SeO42-), sel nite (SeO32-), or biselenite
(HSe03-) oxyanions, which is in agreement with the calculations of other researchers
(Elrashidi et al., 1987; Neal et al., 1987).  Importantly, a potential removal
mechanism for excess selenium present in solids and sediments was proposed, which
involved allowing the soil or sediment to become reduced, by, for example, flooding.
The presence of Se2- and high iron concentrations in this newly reduced environment
could, based on the thermodynamic calculations, result in incorporation of selenium
into iron-sulfide minerals or the direct formation of iron-selenide minerals.  Selenium
availability to organisms would be limited because of the predicted low solubility of
these selenides.  The instability of FeSe and FeSe2, und r conditions where FeS2
forms, would lead to the formation of elemental selenium, which is insoluble and
poorly taken up by organisms (Mikkelsen et al., 1989; Ohlendorf 1989).
An example of these calculations as applied to aquatic systems is presented below
using StabCal (October 1995 revision), a comprehensive thermodynamic modelling
package developed by Hsin-Husiung Huang of Montana Tech.  Although the package
allows only equilibrium calculations without the inclusion of kinetics, it nonetheless
generates data useful for understanding the tre ds which can be expected in the long
term due to changes in redox conditions.  Simulations of equilibrium chemistry were
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performed by Nobbs et al. (1997) for different concentrations of selenium in seawater
at different pHs and temperatures, in research examining the impact of bioturbation on
selenium redox profiles in sediments.
Figure 2.4 shows a typical result for 20 mg/kg selenium at pH 7.5 and 25°C.
Simulation temperatures ranged from 5 to 25 degrees, and were found to be relatively
unimportant in controlling selenium behaviour.  The authors noted that inspection of
the data supporting Figure 2.4 showed that approximately 100% of soluble selenium
is in the -II oxidation state below an Eh of 0 mV.  This was noted as ignificant
because of the diminished mobility of selenium in the selenide form due to
precipitation reactions.  The simulations predicted low concentrations of soluble
selenium between -0.12 and 0.12 mV due to the insolubility of elemental selenium
(Figure 2.5).  Below this range the dominant xidation state becomes -II but these
ions are rapidly taken up by cations like Zn2+ (in preference to Fe2+ at the given
concentrations) and insolubly bound into the sediment.  At higher redox potentials,
soluble selenite becomes the dominant selenium species present and the solubility
exceeds the concentration of aqueous selenium (indicated by the blank rectangle in the
top right-hand corner of Figure 2.5).  At pH 7.5, selenous (Se(IV)) ions predominate
at 12 mg/kg with hydrogen selenite at 7.6 mg/kg.  Above 0.5 V, selenate replaces
selenite as the dominant form.  Since the pKa,1 value of selenous acid is 2.62 and pKa,1
for selenic acid is less than zero, fully protonated selenium oxyanions are a relatively
minor part of the total soluble selenium.
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Figure 2.4 Aqueous speciation of selenium at pH 7.5
From Nobbs et al., 1997
Figure 2.5 Solubility of selenium in seawater at pH 7.5
From Nobbs et al., 1997
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Figures 2.4 and 2.5 show that changes caused by processes such as bioturbation and
dredging could result in remobilisation of selenium from contaminated estuarine
sediments.  Bioavailable oxyanions would be remobilised in selenium-contaminated
sediments such as those found in Lake Macquarie, NSW (see Section 3.7) if they
were exposed to oxidising porewater.  If mass transfer were not limited by chemical
means (e.g., Manning & Burau, 1995) this selenium could enter the water column.
While thermodynamic considerations are of use in qualitatively predicting the
theoretical speciation of selenium under varying pE and pH regimens in soils and
sediments, such techniques do have limitations.  In the calculation of the equilibrium
reactions and development of selenium solubility and pE-pH diagrams, assumptions
regarding the solubility of other ions involved in the reactions and the activities of
species must be made.  These assumptions, however, are only as good as the available
data and the match between the data and the actual system to which the theoretical
calculations are applied.  Homogeneous and heterogeneous reactions are assumed to
be at equilibrium and to be fully reversible, which may not be the case (Runnels and
Lindberg, 1990).  The calculations of Masscheleyn et al. (1991) as discussed
previously were performed at 25 ºC and 1 kPa pressure, with the mineral stability
relations also calculated at other temperature and pressure conditions.  The positions
of the fields were seen to shift to lower pH values with increasing temperature and to
higher redox levels with increased pressure, although it was noted that the shapes and
sizes of the stability fields were maintained throughout these calculations.
In relation to aqueous systems, a further assumption implicit in the use of
thermodynamic equilibrium considerations is that pE and pH measurements of the
system must be able to be made, which is only valid if the dissolved species
concentration are sufficiently high (Stumm and Morgan, 1981) and electron transfer
kinetics sufficiently fast to yield a measurable current (Kempton et al., 1989).
Additionally, the electrode used to sense Eh/pE must be inert and not participate in
the reaction.  Various a thors (Hoare, 1962; Hoare, 1968; Adams, 1969; Whitfield,
1974) have demonstrated that this assumption is generally not valid for Pt and other
noble metals.  Further, Runnels and Lindberg (1990) have shown, based on laboratory
experiments, that even at high concentrations of selenium and over a wide pH range,
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the Pt electrode is completely insensitive to the relative abundances of dissolved
Se(IV) and Se(VI).  The authors concluded that for selenium, as for many other
multivalent elements, predictions concerning aqueous speciation cannot be reliably
based on a measured Eh and geochemical calculations, and that instead chemical
analyses must be used to measure the abundances of the predominant dissolved
species.
Not surprisingly then, in analysis of environmental samples, it has been found that
selenium species predicted from thermodynamic considerations have not always been
found.  This is because of biological conversions of selenium resulting in kinetically
stabilised species instead of the predicted thermodynamic ones (M sscheleyn et al.,
1991).  While thermodynamic, theoretically derived modelling may provide useful
information regarding a system (Masscheleyn and Patrick, 1993), analytical methods
are required to determine the actual speciation and concentrations of selenium in the
various compartments of a given environmental system (Cutter, 1978; Fio and Fujii,
1990; Masscheleyn et al., 1991).  Analytical methods for the speciation of selenium
are discussed in Chapter 4.
Experimental investigations of the impact of changing redox conditions on selenium
oxidation states and availability have recently been carried out in relation to selenium-
contaminated Lake Macquarie, NSW (see Section 3.8).  Experiments involving
sequential extraction of sediment-water slurries, using sediments and water samples
collected from Nords Wharf, a relatively pristine area of Lake Macquarie and utilising
the BCR methodology, were carried out by Peters et al. (1996a) at a range of redox
potentials ranging from -450 mV to +200 mV.  Sediment and water were mixed in a
ratio of 1:7 and introduced to a sediment slurry reactor using air or nitrogen to modify
Eh.  At a starting Eh of +200 mV, over 85% of sediment-bound selenium was present
in the organic fraction, with 11% of selenium in the exchangeable-carbonate bound
fraction and a further 1.5% in the iron-manganese oxyhydroxide fraction.  As Eh was
decreased, the proportion of selenium present in the “non-bioavailable” organic-bound
fraction increased with a corresponding decrease in the proportion of selenium in the
two “bioavailable” fractions”, until at -450 mV all of the sediment-bound selenium
was present in the organic-phase.  Peters et al. (1996a) observed that the
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environmental implications of such changes should be further investigated in areas
where selenium-contaminated sediments may be exposed to fluctuations in salinity,
dissolved oxygen, human activities and bioturbation.
Peters et al. (1996b) also examined the potential importance of bioturbation, which
encompasses the feeding, burrowing, breathing and other activities of benthic
organisms on sediments and sediment pore water in Lake Macquarie. They reported a
deepening of the oxidised layer of sediments (as determined by changes in sediment
Eh) in laboratory mesocosms because of bioturbation.  Sediments were again
collected from Nords Wharf in Lake Macquarie and colonised separately with a
species of polychaete worm (Marphysa sanguinea) and three species of bivalvian
molluscs (Notospisula trigonella, S nguinolaria donacoides and Tellina deltoidalis)
with an animal-free blank kept.  In all four instances where the sediment was
colonised by benthic organisms, the oxidised zone of the sediment (defined as an Eh
measurement of greater than 0 mV) was deepened by approximately one centimetre,
below which the measured redox profile was higher than in the benthos-free profiles.
Experimentation by Peters et al. (1996a) with a reduced, selenium-spiked plug of
sediment from Lake Macquarie which was then exposed to oxidising porewater
(simulating the impact of bioturbation upon reduced lake sediments) resulted in a
remobilisation of selenium from sediments into the porewaters under such conditions,
which is consistent with predictions from simulations of selenium solution chemistry
reported by the authors.
Additional experiments with different densities of M. sanguinea nd N. trigonella
(Peters et al., 1996b) measured porewater concentrations of selenium and found that
these were indeed raised in mesocosms containing animals in comparison to the
controls, as predicted by previous elution experiments with a selenium-contaminated
sediment plug.  Changes in redox status of sediments therefore, whether because of
bioturbative activity or other factors such as changes in salinity, dissolved oxygen
concentrations or anthropogenic activities, were seen to result in selenium
remobilisation from sediment sinks into sediment pore waters.  This may lead to
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potentially increased availability to aquatic organisms and therefore the potential for
ecological impact.
2.5.3 Complexation Reactions and Selenium Availability
Elrashidi et al. (1987) studied 27 aqueous metal complexes found in soils and found
that these contributed significantly to the level of total soluble selenium in cultivated
soils.  In a study of organic selenium distribution of Californian soils, Abrams et al.
(1990) reported that organically complexed selenium comprised a significant fraction
of total soil selenium.  The authors also demonstrated that this selenium was either
directly available to plants as low molecular weight hydrophilic organic compounds,
or was indirectly available after mineralisation to inorganic selenium species.  In a
sedimentary environment such as a wetland where organic matter accumulates, part of
the total selenium will be complexed with organic matter, either an inorganic form
bonded to organic matter, or covalently bonded into the organic matter (Masscheleyn
and Patrick, 1993).  The source of selenium for aquatic organisms and plant rhizomes
will be the depolymerisation of these complexes into low molecular weight monomers
or the subsequent mineralisation of these to inorganic selenium species (Masschel yn
and Patrick, 1993).
2.5.4 Sorption and Desorption Reactions of Selenium
Masscheleyn and Patrick (1993), in reviewing biogeochemical processes affecting
selenium cycling in wetlands, observed that the concept that sorption/desorption
reactions largely control selenium solubility in oxidised soils, with evidence of a
species specific sorption behaviour, is generally accepted.  Selenate sorption was
noted to be considerably lower than that of selenite, as the selenium sorption is a
function of oxidation state.
Selenite behaves similarly to phosphate in oxidised soils and is sorbed to a greater
extent than selenate (Goldberg and Sposito, 1985; Neal et al., 1987).  Adsorption of
selenite by oxides such as Fe- and Mn-oxyhydroxides in soils is in part a function of
pH, with Se(IV) sorption decreasing with increasing pH (Nealet al., 1987).  Selenate
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behaves similarly to sulfate in soils, with minimal sorption occurring.  Indeed, sorption
is negligible above pH 7.5 (Hayes et al., 1987; Zhang and Sparks, 1990).  Amorphous
Fe-oxyhydroxides have a greater affinity for selenate than their Mn counterparts,
although selenite is sorbed to a greater extent than selenate (Balistri ri and Chao,
1990).
Sorption of selenium oxyanions, and particularly selenite, by Fe-oxyhydroxides, is
considered to be of great importance in wetland ecosystems (Masscheleyn and
Patrick, 1993).  Howard (1977) noted that “ferric-hydroxide adsorption, not the
formation of an insoluble selenite, is responsible for controlling the selenium
concentration in natural waters”.  Hence, soluble selenium concentrations under soil
redox conditions favouring selenite formation (0 - +100 mV) are seen to be governed
by sorption onto Fe-oxyhydroxides.  The greater sorption of selenite than selenate as
previously observed leads, upon selenite oxidation, to increased soluble selenium
concentrations.
Masscheleyn and Patrick (1993) concluded that selenium will be released into
interstitial water upon wetland soil reduction and solubilisation of sorbing Fe phases,
with solubility constraints determining water soluble selenium concentrations under
reduced wetland conditions.
2.5.5 Volatilisation and Methylation of Selenium
Atmospheric gaseous selenium results from volcanic emissions, volatilisation from
plants and soils, methylation by micro-organisms and from suspension of sea salts
(Haygarth et al., 1993; Masscheleyn and Patrick, 1993), as well as from
anthropogenic atmospheric inputs arising from the combustion of fossil fuels such as
oil and coal and from metal smelting operations (Adriano et al., 1980; Elkin, 1982).
The organo-selenium compounds dimethyl selenide (DMSe, (CH3)2Se), dimethyl
diselenide (DMDSe, (CH3)2Se2) and dimethylselenone have been identified in
emissions from a metal smelter and from coal-fired power stations as well as arising
from the surface of lakes (Jiang et al., 1983), while elemental selenium has also been
reported in the atmospheric emissions from a coal-fired power stations (Andren et al.,
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1975).  Biomethylation of selenium into DMSe from soils, sediments and plants is
considered to be a major source of atmospheric selenium (Atkinson et al., 1990).
Volatile hydrogen selenide (H2Se) is produced and released into the atmosphere under
reducing conditions, although it is rapidly oxidised to elemental selenium in the
presence of air  (Jiang et al., 1983).  Microbial volatilisation and methylation of
selenium is considered in greater detail in Section 2.6 below.
2.6 MICROBIALLY-MEDIATED TRANSFORMATIONS
As previously noted (Section 2.5.2), biological conversions of selenium species in
natural environments may result in the species predicted from thermodynamic
considerations not being present, having been transformed instead into kinetically
stabilised species.  Indeed, Masscheleyn and Patrick (1993) observed that
thermodynamic predictions of selenium speciation may be misleading when applied to
natural systems for this reason.
Additionally, mineralisation of organic matter by bacteria in flooded soils and anoxic
sediments is an important process in the organic carbon cycle and proceeds by
reduction of electron acceptors.  Chemical changes occurring in interstitial waters as a
result of this mineralisation process include: denitrification; manganese, sulfate and
iron reduction; and methane formation (Masscheleyn et al., 1991).  Selenium
oxyanions have been shown capable of serving as electron acceptors for bacterial
respiration (Zehr and Oremland, 1987; Mikkelsen et al., 1989; Oremland et al., 1989)
in place of the more important and abundant acceptors such as iron and sulfate
(Masscheleyn et al., 1991), resulting in the removal of potentially toxic selenium
oxyanions from solution by bacterial reduction through the formation of metal
selenides, organoselenides, methylated selenium compounds or elemental selenium.
An understanding of the microbially-mediated reactions involving selenium is
therefore necessary in understanding the biogeochemical cycling of selenium in
aquatic and sedimentary systems and for developing management strategies for
limiting the impact of excess selenium on such ecosystems.
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Transformations of selenium by icro-organisms were categorised by Doran (1982)
in a significant review of microbial selenium transformations as:
i. oxidation and reduction;
ii. immobilisation and mineralisation; and
iii. methylation (volatilisation).
Doran (1982) noted that these categories were not mutually exclusive as some
overlap occurs.  Microbially-mediated transformations of selenium are depicted in
Figure 2.6.  Selected microbial transformations of selenium contained within the
literature are also collated in Table 2.6 and Table 2.7 (adapted from Riadi and
Barford, 1994), detailing micro-organisms capable of transforming selenium together
with the change in oxidation state of selenium occurring during these transformations.
2.6.1 Microbial Oxidation and Reduction of Inorganic Selenium
Whilst limited studies have been conducted on the oxidation of inorganic forms of
selenium by micro-organisms, Doran (1982) observed that such transformations to
more-available, oxidised forms would be energetically favourable to the micro-
organisms.  Elemental selenium was reported as the sole electron source for two
bacterial species (Lipman and Waksman, 1923; Saposnikov, 1937) which transformed
selenium from the elemental state to selenic acid (H2SeO4).  The oxidation of copper
selenide to cupric ions and elemental selenium was reported by Torma and Habashi
(1972) as providing the energy requirements for a strain of Thiobacillus ferroxidans.
Saratchandra and Watkinson (1981) isolated a strain of Bacillus megaterium which
was capable of oxidising elemental selenium to selenite in laboratory cultures, whilst
other researchers have shown that micro-organisms are involved in the oxidation of
elemental selenium and selenite ions in soils (Geering et al., 1968; Bisbjerg, 1972).
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Figure 2.6 Microbially Mediated Transformations of Selenium
Se(IV) Se(VI)
Se(0)
Se(-II)
(selenide)
Se(-II)
(organo-Se)
Se(-II)
(volatile Se)
CO2 + CH4
Adapted from Oremland, 1995 and Riadi and Barford, 1994.
Studies on the reduction of inorganic selenium compounds by micro-organisms have
been more extensively reported in the literature, with many fungal and bacterial
species capable of reducing inorganic selenium salts, typically to selenide in organic
selenium compounds or elemental selenium (Doran, 1982).  Where inorganic selenium
as selenate or selenite is reduced to elemental selenium, this has been reported as
being typically found as a red intracellular deposit, with amorphous elemental
selenium the final product in the microbial reduction of selenate and selenite (L vi e,
1925; Zolokar, 1953; Falcone and Nickerson, 1963).  Extracellular elemental selenium
deposits arising from the reduction of selenite by bacteria have also been recently
reported in the literature (Riadi, 1994).
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Table 2.6 Transformations of Selenium Mediated by Micro-Organisms - 
Reduction and Oxidation Reactions
(after Riadi and Barford, 1994 )
Transformation Conditions Organisms References
Reduction:
Se(VI) ® Se(IV)
® Se(0)
anaerobic,
aerobic
bacteria Baldwin et al., 1985; Burton et
al., 1987; Gersberg, 1986;
Kauffman et al., 1986; Larsen t
al., 1989; Macy et al., 1989;
Macy et al., 1993; Maiers et al.,
1988; Moore and Kaplan, 1992;
Oremland et al., 1989; Steinberg
et al., 1992.
Se(IV) ® Se(0) aerobic bacteria,
fungi
Burton et al., 1987; Kauffman et
al., 1986; McCready et al.,
1966; Moore and Kaplan, 1992;
Smith, 1959; Tilton et al., 1967;
Zolokar, 1953
Se(IV) ® Se(0)
® Se(II)
anaerobic bacteria Woodfolk and Whiteley, 1962
Se(VI) ® Se(II) anaerobic bacteria Zehr and Oremland, 1987
Oxidation:
Se(0) ® Se(IV) aerobic bacteria Saratchandra and Watkinson,
1981
Se(II) ® Se(0) aerobic bacteria Torma and Habashi, 1972
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Table 2.7 Transformations of Selenium Mediated by Micro-Organisms - 
Methylation Reactions
(after Riadi and Barford, 1994 )
Transformation Conditions Organisms References
Methylation:
Se(IV) ® Se(II) aerobic bacteria,
fungi, algae
Challenger and North, 1934;
Fleming and Alexander, 1972;
Barkes and Fleming, 1974; Cox
and Alexander, 1974; Chau et
al., 1976; Karlson and
Frankenberger, 1989;
Thompson-Eagle et al., 1989;
Oyamada et al., 1991; McCarty
et al., 1993.
Se(VI) ® Se(II) aerobic bacteria,
fungi, algae
Challenger and North, 1934;
Challenger and Charlton, 1947;
Challenger et al., 1954; Barkes
and Fleming, 1974; Cox and
Alexander, 1974; Doran and
Alexander, 1977; Chasteen et al.,
1990; Karlson and
Frankenberger, 1989;
Thompson-Eagle et al., 1989;
Oyamada et al., 1991; McCarty
et al., 1993.
Se(0) ® Se(2-) aerobic bacteria Doran and Alexander, 1977
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In surveying the literature, Oremland (1995) observed that it was apparent that the
ability to reduce selenite (but not selenate) to elemental selenium is a common feature
amongst many diverse micro-organisms.  McCready et al. (1966) proposed that the
reduction of selenite to elemental selenium by organisms such as these functioned as a
detoxification mechanism, enabling organisms with the ability to effect such
reductions to tolerate higher concentrations of selenium than other icro-organisms.
Oremland (1995), however, considered that this explanation was unlikely, as
reduction of selenite to elemental selenium as reported in the literature also occurs in
rich broth-type media under culture conditions where selenite is not toxic, but
concluded that the precipitation of elemental selenium from selenite has great
environmental significance.
Reduction of selenate by micro-organisms to elemental selenium was considered by
Levine (1925) to be a two step process in which selenite was the intermediate
product, based upon the observation that fewer micro-organisms could reduce
selenate than could reduce selenite (Foda et al., 1938; Zolakar, 1953; Falcone and
Nickerson, 1963; Sielicki and Burnham, 1973; Hudman and Glenn, 1984; Hudman
and Glenn, 1985; Moss et al., 1987), and that the formation of elemental selenium
from selenate was slower than that from selenite.  The reduction of selenate and
selenite by micro-organisms is both enzymatically and metabolically driven (Doran,
1982).
2.6.2 Microbial Mineralisation and Immobilisation Reactions
Immobilisation or assimilation is the reverse of mineralisation and is a biological
process whereby the availability of a toxic or essential element to organisms is
reduced by transformation from an inorganic to organic form.  Mineralisation, then, is
the conversion of combined organic forms of an element to less complex inorganic
substances (Doran, 1982).  Typically, oxidised selenium species are reduced to the
selenide (II) form and incorporated into organic compounds, including many selenium
analogues of sulfur-containing compounds, because of the ability of selenium to
substitute for sulfur in biological systems (see Section 2.4).  Examples include seleno
amino acids (selenocysteine and selenomethionine), methyl selenides ((CH3)2Se) and
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selenones ((CH3)2Se02) (Doran, 1982; Masscheleyn and Patrick, 1993).  The synthesis
of selenomethionine from selenite has been shown for Escherichia coli (Tuve and
Williams, 1961) and Candida albicans (Falcone and Gaimbanco, 1967).
2.6.3 Microbial Methylation and Volatilisation
Microbiological methylation of selenium results in the conversion of a non-volatile
precursor species into a volatile methylated form, with the toxicity of the major
methylation product, dimethyl selenide, considered much less than that of other forms
(McConnell and Portman, 1952).  Methylation of toxic elements is considered an
important process because methylation often leads to changes in the mobility and
toxicity of the element - mercury, arsenic, tellurium, tin, and lead, in addition to
selenium, have all been shown to be methylated under the catalysis of micro-
organisms (Doran, 1982).  Bacteria (Chau et al., 1976), fungi (Challenger and North,
1934) and algae (Riadi, 1994) have all been shown to be capable of methylating
selenium from the selenate (VI) and selenite (IV) oxidation states, while methylation
of elemental selenium has also been demonstrated by bacteria (Doran and Alexander,
1977).
The biomethylation of selenium by micro-organisms is of interest because it represents
a potential mechanism for the physical loss of selenium from selenium-contaminated
environments (Oremland, 1995).  The p rmanent removal of selenium from
contaminated soil and water is being considered as a management strategy for the
contaminated sediments and drainage water in the San Joaquin Valley (Thompson-
Eagle and Frankenberger, 1992).  Indeed, pilot-scale projects in the San Joaquin
Valley involving the volatilisation of selenium from impacted sediments from
Kesterson Reservoir and elsewhere in the Valley have shown a rapid decline in the soil
selenium inventory (Thompson-Eagle and Frankenberger, 1992), with these authors
concluding that bioremediation of seleniferous environments was likely to be an
important operation in maintaining high crop productivity on the western side of the
San Joaquin Valley.
2.6.4 Bioremediation of Selenium Using Micro-organisms
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Smith et al. (1994) observed that biological treatment for remediation of metal
contamination is only in its early stages of development.  While these metals are
essential nutrients for both humans and micro-organisms, at higher concentrations the
metals and their salts often inhibit biological activity.  Mi ro-organisms that have
adapted to higher concentrations of these metals have developed adsorption,
oxidation, reduction or methylation mechanisms that effectively protect them from the
adverse effects of the metals.  As previously noted, there are two main transformation
mechanisms for selenium: reduction of oxyanions to elemental forms; and methylation
to methylated derivatives which are then volatilised.  Technologies such as
biosorption, bioleaching and bioextraction, biobenefication and biological oxidation
and reduction have already incorporated these mechanisms for remediation.
However, this application of these mechanisms to the area of metal and metalloid
bioremediation is only beginning (Smith et al., 1994).
As discussed in more detail in Section 3.8, Davies and Linkson (1991) have examined
various treatments for selenium removal in aqueous ash dam effluents in the Eraring
and Vales Point Power Stations in the Lake Macquarie area, such as magnetite-
assisted sedimentation (the CSIRO “Sirofloc” Process), iron co-precipitation,
reduction using ferrous hydroxide, aquaculture, biological reduction, membrane
ultrafiltration and electrodialysis.  They found that there was no established method
being applied to selenium removal at that time and their recommendations included
dry-roasting the ash before being sent to the ash dam.  This was predicted to achieved
removal of selenium to below the 10 µg/L limit, was cost-effective and required no
modification to the hydraulic transport system of the power stations. Favoured
treatments for ash dam aqueous effluent included iron co-precipitation and magnetite-
assisted sedimentation due mainly to existing plant set-up and cost minimisation. The
iron co-precipitation had been developed on pilot scale proportions in the USA and
had shown to remove effluent almost down to the limit of 10 µg/L.  Extensive
contamination of the sediments of Wyee Creek into which the Vales Point ash dam
discharges, as documented in this work in Chapter 5, indicates however that either
this recommendation has not been implemented or may not be effective in reducing
selenium contamination, and an alternate removal system may be required.
70
One alternate removal system that may have applicability is that of microbial mats.
These were able to reduce selenate to elemental selenium as well as removing some
heavy metals from water and degrading several organic compounds (Bender and
Phillips, 1994).  These microbial mats, composed of stratified layers of microbes, are
resilient, primeval communities dominated by cyanobacteria.  Although the molecular,
cellular and communal mechanisms that occur within the mat are extremely complex,
the system is easy to implement and the results are readily reproducible (Bender and
Phillips, 1994).
Kharaka et al. (1996) documented how the latest membrane separation technology,
nanofiltration, has been tested on seleniferous agricultural drainage wastewater from
the San Joaquin Valley.  This method was able to selectively remove >95% of
selenium and other multivalent anions from >90% of the contaminated water while
achieving greater water output and requiring lower pressures and less pre-treatment
than the traditional reverse osmosis membranes, thus making it also more cost
effective.
Detoxification of seleniferous sediment via microbial volatilisation under different
environmental conditions has been investigated by Frankenberger and Karlson (1995),
who found that the greatest emissions of selenium occurred during the summer
months and the most effective amendment to the soil was cattle manure.  This method
is considered an effective method of removal of the more toxic forms of selenium as it
was found that the volatilised form of selenium, dimethylselenide, is 500 times less
toxic than selenite (McConnell and Portman, 1952).  Other enhancements noted by
Frankenberger and Karlson (1995) to improve volatilisation performance included an
available carbon source, aeration, moisture and high temperatures.  The results
suggest promising applications for this kind of bioremediation of seleniferous soil.
The aerobic bacteria, Bacillus subtilis and Microbacterium arborescens may be useful
for the bioremediation of selenium-contaminated sites by converting selenite to a form
of selenium with very low availability (Combs and Combs, 1986).  The micro-
organism M. Arborescens was isolated from soil in the vicinity of the Kesterton
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Reservoir and cultivated in 1 mM sodium selenite (NaSeO3).  Ri di and Barford
(1995) documented a study in which micro-organisms were isolated from a known
selenium contaminated site and exposed to selenium in order to determine whether
they were capable of reducing selenite to elemental selenium.  The bacteria found
were SP1, Pseudomonas pickettii, Arthrobacter protophormeae, Bacillus pasteurii,
Staphylococcus haemolyticus and Strain AD-1.  Some of these organisms were
subsequently utilised in a bioreactor and showed effective and almost complete
reduction of added selenite (Riadi, 1994).
As noted previously, the Kesterton National Wildlife Refuge San Joaquin Valley in
California, USA has experienced extremely high levels of selenium contamination and
several methods of selenium removal have been researched.  A study has been
conducted by the Engineering Research Institute at California State University
involving an upflow anaerobic sludge blanket reactor (UASBR) and two fluidised bed
reactors operating at different flowrates.  The fermentative UASBR granular sludge
quickly acquired denitrifying and selenium reducing capabilities and the reactor
achieved up to 88% of selenium removal in filtered samples (Kipps, 1994).  An
immobilised reactor column was used by Riadi (1994) who achieved 93% efficiency
of absolute selenite removal at a rate of 4.65 mg(Lh)-1 using sintered glass as an
immobilising matrix with a microaerobic bacteria indigenous to the Lake Macquarie
region, Shewanella putrefaciens, which was also isolated as part of this research from
Lake Macquarie.  Riadi (1994) found that the bacteria reduced selenium and nitrate
simultaneously.  Airflow was set to 0.09 L/min to maintain [O2] of <1.0% saturation
with a pH maintained between 6.8-7.5 by addition of 1M NaOH or 1M HCl.
Temperature was set at 27 °C and controlled by circulating the liquid through a
constant temperature water bath.  The bacteria in Riadi’s study did not reduce
selenate, although the sediment from which the bacteria were isolated contained
mainly selenite. In terms of industrial application, casein hydrolysate was suggested as
the economically feasible carbon source, and indeed this was found to be the preferred
carbon source for organisms isolated from Lake Macquarie in this research.
A bench-scale reactor employing a then new selenate-respiring bacterium Thauera
selenatis (with an additional population of denitrifying bacteria) was reported by
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Macy et al. (1993) for the bioremediation of selenium in drainage water from the
Westlands Water District in the San Joaquin Valley.  At a pH of 6.9 and with a carbon
source of 2 mM acetate plus 0.56 mM ammonium chloride, selenate/selenite levels
were reduced from 350-450 mgSe/L to 5.39 ± 3 .6 mgSe/L, with the final product
being elemental selenium.  Retention time was 140 min at a flow rate of 6.5 mL/min.
Macy’s reactor system consisted of recycled sludge blanket and fluidised bed reactors.
Further, Cantafio et al. (1996) continued the abovementioned study of Macy et al.
(1993), reporting a simple method for the bioremediation of selenium from
agricultural drainage water using a medium-packed pilot-scale biological reactor
system.  In that study, the bioreactor column was inoculated with facultative
anaerobic Thauera selenatis, a selenate-respiring bacterium and was then used to treat
drainage water containing both selenium and nitrate.  Both selenium reduction and
denitrification occurred in these experiments.  A 98% reduction of selenium oxyanion
concentration (selenate and selenite) was achieved to an average of 12 ± 9 mg/L, with
91-96 % of total selenium recovered by Cantafio et al. (1996) in elemental form.  The
elemental selenium was removed via a commercially available precipitant-coagulant.
In Cantafio’s study, the carbon source employed was 5 mM acetate.
In conclusion, the applicability of any form of biotreatment and the performance of
the process is dependent on the following conditions (Smith et al., 1994): type and
concentration of the metal, matrix, pH, temperature, oxygen concentration, alkalinity,
substrate availability, nutrient concentrations, presence of indigenous organisms,
population density, cell age, use of active or inactive biomass and contact time.  There
are other properties that will affect the application of biotreatment which are
technology specific and site specific, such as volume of material to be treated, depth
of the material and controllability of the site, and these will therefore vary on a case-
by-case basis, warranting research to determine the correct application of this
biotechnology to individual locations.
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CHAPTER 3
SELENIUM CONTAMINATION OF LAKE
MACQUARIE, NSW
3.1 INTRODUCTION
Lake Macquarie is an estuarine lake on the eastern seaboard of Australia in the state
of N.S.W., approximately 85 km north of Sydney.  The lake has been subject to
anthropogenic input of heavy metals and metalloids since 1897, when a lead-zinc
smelter opened at Boolaroo to the north of the lake (SPCC, 1983).  Subsequently, the
operation of coal-fired power stations, sewage treatment plants, coal mines, coal
washeries and other industries (Batley, 1991) have also contributed to the heavy metal
load of the lake.
In 1994, contamination of fish from Lake Macquarie with tissue selenium levels up to
twelve times those recommended for human consumption was identified (Roberts,
1994).  Bans on commercial and recreational fishing in the lake have recently been
considered (Jackson, 1995; Woodford, 1995), with potentially devastating
implications for the fishing and tourism industries in the area, in the event that they are
implemented.
Studies on heavy metal contamination of Lake Macquarie to date (e.g., Furner, 1977;
Roy and Crawford, 1984; Batley, 1987; Scanes, 1993; Roberts, 1994) have focused
mainly on metal contaminants other than selenium, with only limited data (e.g.,
Batley, 1987; Roberts, 1994; Gotham 1995; Reso, 1995; Smith, 1995; Turnbull,
1995) available on selenium in the aquatic ecosystems of Lake Macquarie.  S lenium
contamination of aquatic systems has been demonstrated overseas to lead to
bioaccumulation of selenium in plants, as well as insects, birds, mammals, reptiles and
amphibians, at levels causing concern as to potential toxicosis of the animals and
those which prey on them (Nriagu and Wong, 1983; Ohlendorf, 1989; Ohlendorf and
Hothem, 1995).  Ohlendorf and Hothem (1995) collated available data on the impact
of metal contaminants, particularly selenium, on wildlife in the Kesterson Reservoir
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and other wetlands of the San Joaquin Valley in Central California, USA.  Here,
elevated levels of selenium in the sediments and water column were found to result
from an influx of agricultural drainage water high in dissolved selenium.  The authors
noted that a relationship existed between high-selenium diets, high tissue selenium
levels and reproductive effects in wildlife.  In a previous study of the Kesterson
Reservoir, Ohlendorf (1989) had documented the teratogenic effects of high selenium
on birds, resulting in either dead or deformed embryos, as well as death of adults.
Multiple developmental abnormalities in the avian embryos were encountered and
included missing or abnormal eyes, wings, beaks, eggs and feet, as well as exposure of
the brain through cavities in the skull (exencephaly) and accumulation of fluid within
the skull (hydroencephaly) (Ohlendorf and Hothem, 1995).
Based on documented experiences overseas of the environmental and ecological
consequences of elevated selenium levels, potential risks are posed to the aquatic and
benthic organisms of Lake Macquarie by elevated levels of selenium, as well as to the
terrestrial animals and birds which may feed upon them.  Given also the potential
health risks posed to humans in eating selenium-contaminated fish and shellfish from
the lake (Roberts 1994; Batley, 1987), the large population base living on the lake
foreshores and surrounds and the importance of the lake for both commercial fishing
and recreational pursuits (TUNRA-DATEX, 1977), it is important to assess the risk
posed to both humans and the environment by selenium contamination of Lake
Macquarie.  Additionally, such an understanding will allow for the evaluation of the
impact of possible management strategies for remediation of the lake, from the
perspective of the impact that such strategies would have upon selenium
concentrations in the various compartments of the Lake Macquarie ecosystem.  For
example, Batley (1987) noted that dredging, one possible option for the remediation
of the contaminated sediment, may lead to exposure of lower sediment layers
containing reduced forms of metals, which  could then be deoxidized and released into
the oxic water column.
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3.2 LOCATION AND PHYSICAL GEOGRAPHY
Lake Macquarie is a coastal lake located on the central coast of New South Wales
(NSW) on the Australian eastern seaboard (Figure 3.1).  The lake is situated
approximately 85 km north of Sydney, and 10 km south of Newcastle, a major
industrial city.
Figure 3.1 Location of Lake Macquarie
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Extending approximately 22 km in a north-south direction (Cockle Creek to Chain
Valley Bay), Lake Macquarie has a maximum width of about 10 km (Dora Creek to
Galgabba Point).  The lake has a maximum depth of approximately 11 m, although the
lake floor is generally flat with an average depth of 8 m (Maunsell and Partners,
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1974).  Extremely irregular in outline, the lake has a foreshore of approximately 166
km comprising a number of embayments and promontories and a total area of
approximately 125 km2, aking it the largest estuary in NSW (Roy and Crawford,
1984).  The lake is linked with the Pacific Ocean via a tidal channel approximately 3.5
km long and 0.2-0.4 km wide at Swansea.  Cockle Creek in the north, Dora Creek in
the west and Pallamanaba (Wyee) Creek in the south are the main natural fluvial
inputs into the lake (WCIC, 1973; TUNRA-DATEX, 1977), accounting for almost
70% of the catchment area (TUNRA-DATEX, 1977), with other smaller creeks
flowing only intermittently.  Flow in these main creeks is saline to brackish in their
lower reaches with the exception of heavy rainfall periods (Roy and Peat, 1975).
The Lake Macquarie catchment occupies an area of approximately 622 km2 and
consists of the shallow depression filled by Lake Macquarie, separated from the ocean
by the entrance channel and sand-bars at Swansea, and surrounded by low hills on the
remaining three sides (TUNRA-DATEX, 1977).  Relief in the area around the lake
averages at less than 30 m (Maunsell & Partners, 1974), although in some areas the
topography reaches a maximum of 90 m.  The hills to the west of the lake rise to the
rugged Watagan and Sugarloaf Ranges, which form the western boundary of the
catchment and act as a watershed for water flowing into Lake Macquarie to the east,
the Hunter River to the north and the Tuggerah lakes to the south (TUNRA-DATEX,
1977).
Estuarine and freshwater wetland areas, comprising estuarine and dunal wetland
complexes, wet heaths and floodplain wetlands, occupy approximately 1130 ha
around Lake Macquarie (Winning and Gilligan, 1991), and were recognized by the
Environmental Audit (SPCC, 1983) as being a valuable habitat for many forms of
wildlife including native and migratory waterfowl, as well as contributing significantly
to marine productivity and providing shelter and food for fish communities.  Almost
35% of the total wetland area around Lake Macquarie has been lost (SPCC, 1993),
mostly because of anthropogenic activities such as reclamation, subdivision and
rubbish disposal (TUNRA-DATEX, 1977), and more recently to the use of wetlands
as ash disposal sites for the power stations (Lake Macquarie City Council, 1995).
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A temperate, sub-tropical climate with strong maritime winds is experienced by the
Lake Macquarie region because of the proximity to the ocean, with the majority of
populated areas being within 15 km of the coast (Maunsell & Partners, 1974;
TUNRA-DATEX, 1977).  Average annual maximum temperature is 21.4 °C and the
average annual minimum temperature is 14.2 °C (Maunsell & Partners, 1974).  In
summer, the mean daily maximum temperature is 24 °C , while in winter this figure is
17 °C (TUNRA-DATEX, 1977).  Average annual rainfall is 1,000 mm and is well
distributed throughout the year with an autumn-winter maximum; frosts and snows
are virtually unknown (TUNRA-DATEX, 1977).  Mean relative humidity is 73%
(Maunsell & Partners, 1974).  North-easterly winds of low velocity (up to 30 km/h)
prevail from October to May, with high velocity winds from the north-west and west
occurring during the winter period, based on data available for Sydney.  Heavier
blows from the south east of short duration occur irregularly, but more frequently
between February and August (Maunsell & Partners, 1974 ).
3.3 GEOLOGY
Lake Macquarie was formed since the last Ice Age by the inundation of a number of
coalescing river valleys (which accounts for the shape of the foreshore).  These were
subsequently blocked at their seaward ends by sand barriers comprised of marine
quartz sand (Roy and Peat, 1975).  To the south and west are mainly Triassic
sediments of the Narrabeen Group, comprising conglomerate and shale, which
comprise the physiographic region of the Central Coast Lowlands (Murphy, 1993).
This area, which  occupies the coastal strip to the east of the Watagan mountain range
and stretches from Terrigal in the south to the Munmorah State Recreation Area in
the north, covers the majority of the Lake Macquarie water body; the terrain is
relatively low lying with low rises.  Permian sediments (which normally underlie
Triassic ones) of the Newcastle Coal Measures (comprising conglomerate, sandstone,
tuff, shale and coal), have been exposed in the north and north-east of the lake, with
some isolated areas in the south on the coastal side of the lake, and are now mined for
coal.  The Awaba Hills physiographic region overlies these areas and consists mainly
of low rolling hills (Murphy, 1993).
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Quaternary alluvium buildups, comprising unconsolidated sands, silts, clays and
gravels, are present in river valleys and as deltaic deposits at heads of the embayments
into which these rivers flow, with some siltation being observed around the entrance
channel (Murphy, 1993).  Additionally, marine sand deposits are found on either side
of the entrance channel and along the coastal and lake foreshore regions at Swansea
(Murphy, 1993).  Minimal wave erosion within the lake leads to stability of the lake
shores and as a result sedimentation in the lake is largely because of fluvial sediments
input (Bird, 1962).
An extensive study of the bathymetry and bottom sediments of Lake Macquarie was
conducted in the early 1970’s (Roy and Peat, 1975).  The maximum depth of the lake
is 11 m near Pulbah Island opposite Swansea, making Lake Macquarie one of the
deepest estuaries in Australia (Roy and Peat, 1976), although in general the lake floor
is flat or very gently sloping at an average depth of 8 m (Maunsell & Partners, 1974;
Roy and Crawford, 1984).  The lake is described as a low energy mud basin
deposition environment (Roy and Crawford, 1984), where suspended mud supplied by
creeks to the lake is dispersed by slow, mass water movements prior to settling to the
lake bed.  Alluvial sediments deposited by rivers are comprised mainly of muddy lithic
sand and silt.  Deposition is reported to occur more rapidly in the heads of
embayments into which the larger creeks flow; water depths in these areas are
shallow, becoming progressively deeper away from creek mouths (Roy and Peat,
1975).  Sedimentation will also occur because of precipitation in the mixing zone
between fresh and saline waters (Batley, 1991).  Flushing of suspended sediment out
to sea is not considered responsible for loss of significant quantities of sediment,
because of the narrow entrance channel and the size and depth characteristics of the
lake (Roy and Peat, 1976).
Within the lake proper, a general progression in bottom sediment type is observed,
being from muddy sand (comprising 51 to 99 % sand) to sandy mud (comprising 1 to
50 % sand) to mud (comprising material less than 63 mm diameter), as the distance
from shore and water depth increases.  The tidal delta, stretching between Marks
Point and Galgabba Point, comprises mainly clean sands (containing less than 1 %
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mud).  Other sandy sediments are associated with an old tidal delta near Pulbah Island
(the entrance channel has moved north over time), a drowned dune sheet between
Figure 3.2 Lakeside Profile and Sediment Progression for Embayments, Lake
Macquarie, NSW
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Belmont and Marks Point, and a tongue of sand extending from the tidal channel
towards Coal Point on the western side of the lake, which is considered a relic feature
(Roy and Peat, 1975).  Examples of this progression in bottom sediment type are
presented in Figure 3.2.
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The flat floor of the lake, with the exception of regions of sandy sediments as
previously discussed, is comprised mainly of mud, which in turn is composed of silt,
clay-size particles and faecal pellets from benthic organisms. Approximately 70% of
this bottom mud comprises particles less than 100 µm in diameter, with very few
particles larger than 400 µm (Baas Becking, 1959).  Deeper areas of the lake contain
fine, silty, greyish black-brown muds in a fairly oxidised condition (Baas Becking,
1959).  The mineral composition of muds from the lake is mainly pyrite, haematite,
calcite, dolomite and kaolinite (Roy and Peat, 1975).  In addition, Baas Becking
(1959) observed organic matter, sponge spicules and diatom fristules after
microscopic examination of the muds and noted that clay minerals amount to a
quarter of the 0-100 mm fraction in the mud.
Redox potential (Eh) and pH of the Lake Macquarie bottom muds was also
investigated by Baas Becking (1959a).  An Eh distribution derived from several
hundred mud samples from the lake was constructed, and values for mud ranged from
-22 0 mV to +590 mV.  A peak Eh value at +325 mV corresponded to the aqueous
phase, while a lesser peak at +225 mV corresponded to partly oxidised mud.  The
southern section of the lake yielded reduced muds, with a peak at -75 mV.  Muds
were found to have negative Eh, while sandy sediment Eh was found to be positive
except where seagrass beds were decaying.
Total organic carbon (TOC) levels in Lake Macquarie have been previously been
analysed by Ying et al. (1992) for four sediment samples from the lake and have
ranged from 2.0 to 2.5% TOC.  Total organic matter, determined by ashing, (Baas
Becking, 1959a) was reported as ranging from 4.0 - 21.0% with a mean of 13.0%.
Baas Becking (1959a) observed that while the organic matter content seemed normal,
the iron:organic carbon ratio was abnormally low, indicating that Lake Macquarie
mud contains much free organic matter.  During periods of heavy rains, stratification
of the water column may occur, resulting in the formation of an isolated saline bottom
layer that is depleted in oxygen and may be moved about by wind action (Spencer,
1959a).  An implication of the low iron:organic carbon ratio is that if the isolation of
the bottom water continued over a long period, sulfate reduction would begin to
dominate over oxidative processes.  This would result in the formation of hydrogen
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sulfide and the sulfite ion (SH-).  Iron present in the sediment as ferric and ferrous
oxides and hydroxides would act as a sulfide trap.  This iron, however (present in only
small quantities in Lake Macquarie mud), would be rapidly saturated by sulfide to
form Fe(SH)2 (Baas Becking, 1956).  This stable compound exists as an ink-black
suspension and its effect would be to completely deoxygenate the environment (Baas
Becking, 1959), to the detriment of aquatic and benthic organisms living in the
deoxygenated areas.  The alleged depletion of fish encountered in Lake Macquarie in
the 1950’s was in fact attributed to such an event (Spencer, 1959) and is considered in
greater detail in Section 3.6.4.
Radiocarbon dating of bivalve shells found in deep muds has been used to determine
sedimentation rates for the lake (Roy and Crawford, 1984).  Sedimentation rates
calculated by the authors ranged from 0.13-1.25 mm/yr, with the majority of rates
clustering between 0.15-0.50 mm/yr. Roy and Crawford (1984) noted that the
thickness of the metal contaminated zone in bottom sediments (up to 50 cm near
Cockle Creek) could not be explained by the natural sedimentation rate, but was
because of reworking of the sediment by burrowing organisms through bioturbation.
In support of this hypothesis they noted that much of the lake bed was covered with
small mounds, 1-2 cm high and 10-20 cm apart, which was concluded as being
indicative of polychaete activity.  More recent support regarding the potential impact
of bioturbative activity was presented by Peters et al. (1996a), who reported a
deepening of the oxidised layer of sediments in laboratory mesocosms as a result of
bioturbation in sediments taken from Nords Wharf in Lake Macquarie which were
subsequently inhabited with polychaete worms and bivalvian molluscs.
Batley (1987) held however that the sedimentation rates calculated by Roy and
Crawford were erroneous, as they were averaged over a period of thousands of years.
Instead, sedimentation rate calculations were performed by Batley (1987), based on
lead and zinc profiles in sediment and the assumption that increased concentrations of
these metals coincided with the commencement of operations at the lead-zinc smelter
in 1897.  These calculations were made on the further assumption of the lack of any
visible bioturbation in the sediments (contrary to the report of Roy and Crawford
(1984)).  The sharp cut-offs in enriched metals seen in the deeper sections of sediment
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cores taken from the lake were considered by Batley (1991) to suggest that while
bioturbation may have been occurring, its effects were insufficient to result in any
distortion to the metal profiles observed in the sediment.  Sedimentation rates
calculated by Batley (1987) were 5.7 mm/yr for the Cockle Creek delta in Cockle
Bay; and 3.4 mm/yr, 1.7 mm/yr and 1.1 mm/yr as sites progressively further removed
from Cockle Creek.
Sediments entering Lake Macquarie are considered to be mainly produced by erosion
(Williams, 1987) and are sourced from: urban development areas; service corridors;
rural residential subdivisions; open-cut mining/quarrying; fire trails; traditional rural
land-use activities; and streambank erosion.  The rate of sedimentation in the lake was
determined to be increasing because of land-use activities in the catchment (SPCC,
1983).  Total annual sediment loading into the lake from urban, rural, forest and point
sources has been estimated at 75,000 tonnes for 1983 and 90,100 tonnes for the year
2000 (SPCC, 1983), with urban areas contributing approximately 80% of this load.
While estimates of the time taken for the lake to be completely filled in range from
12,000 to 15,000 years, localised sedimentation in navigation channels and around
jetties was seen as an issue to be addressed.  Retardation and sedimentation basins
have been installed in areas around the lake since the Environmental Audit (SPCC,
1987; Kidd, 1991) to address this concern.
3.4 HYDROLOGY
Tidal range in Lake Macquarie is small - the spring tidal range has been estimated as
0.15 m at the western end of the tidal channel (Stone, 1964), decreasing with distance
from the entrance to 0.06 m.  As a result, Spencer (1959) has calculated, based on a
study of thirty tidal curves over a six month period, that only one per cent of the
Lake’s contents are exchanged each tidal cycle.  Despite this poor tidal exchange, the
lake is marine-dominated because of minimal freshwater dilution from the three main
fluvial inputs.  Indeed, the term “lake” is considered a misnomer when applied to Lake
Macquarie (Roy and Peat, 1975), because of the connection to the ocean and the
estuarine conditions that dominate in the lake.  Roy and Peat (1975) suggest that
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Lake Macquarie should more correctly be considered as a “large, almost completely
land-locked “estuarine lake”.”
Tidal currents are non-existent in the bulk of the lake (with the exception of the tidal
channel at Swansea).  Winds are considered to produce larger changes in water levels
in the lake than do tides (Roy and Crawford, 1984).  Surface and bottom currents in
the lake are considered to be wind-induced (Spencer, 1959).  The impacts of wind-
induced circulation overshadowing tidal currents are to improve tidal exchange at the
lake entrance as well as distribute nutrients (JH&ES Laxton, 1987).
Because of the narrow entrance channel and poor tidal flushing, prolonged rainfall
events may lead to stratification in the lake, with a layer of freshwater overlaying a
lower layer of denser salt water (Spencer, 1959).  This may lead to reduction in
dissolved oxygen concentrations (see Section 3.3), which may in turn have adverse
affects on marine fauna.  As previously noted, it is believed that such a situation,
resulting from a number of unusually heavy and prolonged rain events over a period
of time, may have led to a serious depletion of fish in the lake late 1940’s and early
1950’s (Baas Becking et al., 1959).
Shallows between Swansea and Wangi Wangi Point effectively bar deep water
movement within the lake, therefore resulting in a division of the lake into north and
south components about this latitudinal axis.  As such, water movements in the two
portions of the lake are essentially independent (S c r, 1959).  Except during flood
periods, the lake is considered homogenous in most properties both vertically and
horizontally, with truly marine water only detected near the entrance during flood
tides (Spencer, 1959).
Gradual nutrient enrichment (specifically nitrogen and phosphorus) of Lake
Macquarie has been identified (TUNRA-DATEX, 1977; SPCC, 1983).  Poor tidal
flushing of the lake, and the assumption that little nutrient exchange takes place with
the ocean, coupled with input of nutrients from rural, urban and point sources, has led
to the accumulation of nutrients within Lake Macquarie (Simmons, 1987).  Urban and
point sources were determined by the Environmental Audit (SPCC, 1983) as being
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the main contributors of phosphorus to the lake in recent years, with orthophosphate
levels being found to have risen over the past 33 years (JH&ES Laxton, 1987).
3.5 HISTORY AND LAND-USE
Lake Macquarie, as it is now known, was discovered by accident in 1800 by a Captain
William Reid who was looking for the Hunter River, which lay further to the north.
(This discovery lead to the lake being known for many decades thereafter as “Reid’s
Mistake” (Clouten, 1967)).  The entrance channel to the Lake at Swansea (see Figure
3.3) was mistaken by Reid for that of the Hunter River, due to the exposed coal
seams on cliffs near the entrance channel, which were also found at the mouth of the
Hunter River (Clouten, 1967).
The Lake Macquarie region was sparsely settled until the arrival of the railway in
1889 connected the region with Sydney and Newcastle (Nilsen, 1985).  Th  lake was
an important commercial fishing region until 1930, and in the period 1883-98 was the
principle source of fish for Sydney and Newcastle (Baas Becking et al., 1959), but
since then has ranked as tenth or eleventh in terms of fish production for the NSW
estuaries, although it still sustained a small commercial fishing fleet of approximately
60 professional fishermen in 1983 (SPCC, 1983).  In 1983, approximately 384,000 kg
of fish (mullet, luderick, sand whiting, bream and flathea ) and other seafoods
(prawns and crabs) were harvested from the lake (SPCC, 1983).
The soils of the Lake Macquarie area proved too poor for agricultural production in
most areas other than alluvial flats, with abortive attempts at grazing, dairying and
growing grains having been made (Baas Becking et al., 1959).  However, timber and
coal-mining industries developed due to the prevalence of these natural resources in
the vicinity, with the first coal mine being opened in 1841 at Coal Point (SPCC,
1983).  A lead-zinc smelter at Boolaroo to the north of the lake commenced operation
in 1897 (SPCC, 1983).  Growth in population up until World War II consisted of
communities growing to meet the needs of local industries.  After the war, a dramatic
seven to eightfold increase in the urbanised area around the lake occurred, with areas
to the north and east of the lake becoming commuter suburbs of Newcastle.  The
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successive establishment of three coal-fired power stations to the south and west of
the lake since 1956 (Batley, 1991), (of which two are still operating), combined with
the popularity of those areas for holiday and retirement homes, accounted for the
increased urbanisation of the south and west of the lake, although the far southern
shores in particular remain relatively undeveloped (SPCC, 1983).
An Environmental Plan for Lake Macquarie was developed in 1974 “as the first stage
of environmental planning in the Shire” (Pringle, 1974).  The Plan examined existing
conditions of the Lake Macquarie “resource” and detailed aspects of the Council’s
lake management strategy, which included: preservation of the ecological viability of
the lake and adjacent land areas; improvement of the water quality of the lake;
maintenance of industrial viability in the vicinity of the lake, particularly for power
production; and minimisation of conflict between the recreational and non-recreational
use of the lake and its foreshores.  It is interesting to consider now, in view of the
extensive heavy metal contamination of Lake Macquarie sediments (Batley, 1987) and
the excessive selenium levels reported in fish species (Roberts, 1994), that in
evaluating the relative ecological significance of Lake Macquarie, Bird (1962)
concluded that the lake was of limited value as a habitat for organisms, and was
doubtful if “measures designed for biological conservation are worthwhile or indeed
practicable”.  It is also instructive to note that one of the assumptions on which the
Environmental Plan was based states that “Lake Macquarie is more valuable for active
recreational pursuits than for its regional ecological contribution” (Pringle, 1974), and
as justification cited Bird (1962), who observed that “as the lake stands just south of
the City of Newcastle and close to the populace (sic) Hunter Valley Coalfields
region..... The risk of pollution by urban and industrial sewerage is already great and
likely to increase, and the most realistic program of utilisation for Lake Macquarie is
one designed to maintain and improve its value as a recreational area for the
neighbouring urban region”.
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3.5.1 Environmental Audit
In 1983, almost a decade after the Environmental Plan for Lake Macquarie was
released, and in response to expressed public concern regarding a perceived
deterioration of water quality in Lake Macquarie (Bell, 1988), the NSW State
Government of the time requested the then State Pollution Control Commission
(SPCC) to conduct an Environmental Audit of Lake Macquarie.  The object of the
Audit was to “assemble all the available information on the lake in one place, so that
better informed decisions can be made on the measures needed to protect its
environment” (SPCC, 1983).
The Audit identified six key issues of prime environmental significance to the lake:
sedimentation; toxic transition metals; nutrient discharges; thermal effluents; fish
productivity; and protection of wetlands.  Of these issues, toxic transition metals,
thermal effluents and fish productivity were directly related to the activities of the
power stations and the lead-zinc smelter.  These issues and their significance were
evaluated at a seminar reviewing the Audit (Standen, 1987) and are considered below.
Sedimentation: Sedimentation from urban runoff was viewed as a concern as it
smothered productive seagrasses and shallow foreshore waters; and contributed to
total nutrient (N+P) loads in the water column and sediment because of nutrients
contained in the sediments.  Proposed actions in respect of sedimentation were to
control run-off in new and existing urban catchments and dredge shallow areas.  Lake
Macquarie Council placed conditions on consent for developments requiring
construction of silt traps and retention basins for larger developments, as well as
grassing and landscaping, to prevent erosion.  Council was reported to be also
involved in the lining of natural channels which have eroded, as well as in the
construction of retarding basins (Hale, 1987).  Construction of insufficient sediment
control structures to address sedimentation problems in the lake was noted at the time
of the 1986 review seminar (Standen, 1987).
Toxic Transition Metals: Additional data was identified by the Audit as being required
to assess the issue of toxic transition metals in the water and sediments of the lake.
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Recommendations were to: determine rate of mobilisation of heavy metals from
sediments at the northern end of the lake; determine the extent to which contaminant
levels in organisms arise from sediments or from current discharges; determine the
feasibility of dredging contaminated sediments; prepare more accurate estimates of
lead sources to the lake; audit liquid effluents from Sulfide Corp. (then the operators
of the lead-zinc smelter) into Cockle Creek; and seek Department of Health advice
regarding the consumption of shellfish from the northern end of the lake.  The first
two recommendations were addressed in a subsequent study by CSIRO (Standen,
1987) which found that metal remobilisation from sediments was low, contamination
of shellfish appeared to arise from older contaminated sediments, and dredging of
contaminated sediments would not remobilise large quantities of heavy metals into the
water column (although it was noted that disposal of dredged sediments could have
adverse impacts upon aquatic life where they were deposited, and dredging was
therefore not recommended unless the source of heavy metals accumulated by
shellfish was resolved (Coade, 1987)).  Metals in the sediments were mainly bound to
sediment particles in bioavailable forms and were considered to have had their origin
in soluble forms; additionally, sewage, ash dam and mine discharges were not
considered to contribute significant metal loads to the lake (Coade, 1987).
Nutrient discharges: Major sources of nutrients entering the lake were identified as
treated sewage and septic tank effluent, and urban and rural run-off.  Sewage
treatment works discharging into the lake were noted as not having been originally
designed to achieve high levels of nutrient removal (McRae, 1987).  After the Audit
was released, the SPCC prohibited the discharges of nutrient-rich effluent into the
lake (Standen, 1987).
Thermal Effluents: Thermal pollution, arising mainly from the discharge of cooling
water into the lake by the power stations on the lake foreshores, was identified as an
issue by the Audit.  Standen (1987) noted that, in the absence of adequate historical
data, it was extremely difficult to determine if thermal discharges alone, or in
combination with other factors such as run-off and biota characteristics, were
responsible for changes observed in the abundance and distribution of seagrasses in
the lake.  It was recommended that only very modest variations in the cooling water
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discharge temperatures be allowed under license conditions for the power stations.
Studies undertaken to quantify the impact of power station cooling water discharges
on the lake ecosystem (Coulter, 1987) addressed the issue of the effect of these
discharges on seagrasses, and discovered that a significant reduction in seagrass beds
around the entire lake had occurred over the previous thirty years.  Further, this
reduction was found not to be limited to those areas impacted by higher temperature
discharges from power stations and was therefore, at least in part, considered a
natural phenomenon.  Coulter (1987) described the differences between seagrass
distributions in 1953 and 1985, and observed that seagrass: had essentially
disappeared from the northern and northwestern parts of the lake; had been reduced
considerably around the entrance channel in the east; and had reduced in extent in
Chain Valley Bay in the south, and in Bonnell’s and Myuna Bays, in the west of the
lake.
The impact of cooling water discharges from the Vales Point and Eraring power
stations on the seagrass communities has been extensively studied.  Zostera
capricorni beds at Vales Point have been replaced by Halophilasp.  At Eraring,
where measures have been taken to limit the effect of heated water discharges on the
seagrasses, Zostera beds were healthy, with the exception of a small area near the end
of the cooling water outlet canal where Halophila sp. had colonised (Jenkins and
Schneider, 1980; Allan and Nixon, 1981; Poole-Warren and van der Velde, 1981;
Nixon and Watson, 1982; Watson, 1985).
Fish Productivity: The Audit recommended, in respect of fish productivity, that the
Electricity Commission study further impact of the (then still to be commissioned)
Eraring power station on fish & prawn resources in the lakes, and additionally that the
Department of Agriculture continue to regulate the fish harvest to achieve a balance
between commercial and recreational interests.  Electricity Commission studies
(Coulter, 1987) were considered to have shown that the power station cooling water
discharges have had negligible impact on lake water quality, zooplankton, seagrasses,
benthos, fish and prawns.  Seagrass beds were shown to have decreased around the
entire lake during the previous thirty year period and not just in those subjected to
higher temperature power station discharges (Coulter, 1987).
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Wetlands: A conservation plan for the wetlands was recommended by the Audit, and
zoning changes, at local and State government levels, to improve the protection of the
wetlands from development were to be investigated (Gilligan, 1987; Standen 1987).
Annual reports on the Lake Macquarie Environmental Audit have been prepared by
the SPCC (e.g., SPCC, 1987; SPCC, 1990) and address progress against the issues
raised in the Audit itself.  Proceedings of seminars and symposia assessing progress
since the audit have also been published (Collins, 1986; Whitehead et al., 1991).
3.6 AQUATIC AND BENTHIC ORGANISMS
Aquatic flora and fauna in Lake Macquarie have been extensively studied over the
past 40-50 years.  Furner (1979) has described the food web of Lake Macquarie as
largely based on detrital matter (mostly arising from seagrasses), consumed mainly by
benthic invertebrates, which in turn are preyed upon by fish, although omnivorous
species feeding at different trophic levels within the Lake Macquarie ecosystem
complicate this view.
A major investigation into the lake was undertaken in the late 1950’s in response to
allegations of fish depletion within the lake (Baas Becking et al., 1959; Thomson,
1959d).  As part of this investigation, sea grasses (Wood, 1959b), bacterial
communities and algae (Wood, 1959a), benthic macrofauna (MacIntyre, 1959) and
fish species (Thomson, 1959b) present in the lake were described.  Specific s ctions
of the aquatic ecosystems of Lake Macquarie, i.e., fish (Furner, 1979; Roberts, 1994)
cockles and mussels (Batley, 1987; Scanes, 1993), seagrasses (Batley, 1987;
Buchhorn, 1990; Conroy et al., 1991), and algae (Batley, 1987) have since been
investigated to specifically examine the impact of heavy metal contamination upon
such communities.
3.6.1 Benthic Communities
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The benthic communities in Lake Macquarie have been studied in terms of the
structure of such communities (MacIntyre, 1959; Robinson, 1982; Gibbs, 1986) and
also the impact of anthropogenic activities such as the release of heavy metals into the
water column (Furner, 1979; Scanes, 1993) and thermal discharges (Powis, 1973;
Jenkins and Schneider, 1980; Allan and Nixon, 1981; Poole-Warren and van der
Velde, 1981; Nixon and Watson, 1982; Watson, 1985).
MacIntyre (1959) classified the benthic region of Lake Macquarie as comprising three
zones, with the entrance channel being distinct from the rest of the lake.  Progressing
from the shallows to the deep, these zones of the lake bottom are the weed, slope and
mud zones.  These correspond approximately to the sandy mud, muddy sand and mud
zones depicted in Figure 3.2.
Entrance Channel: The floor of the entrance channel was found by MacIntyre (1959)
to be essentially barren of plant and animal life, which was attributed to the abrasive
action and movement of the sand which comprises the channel floor during tidal flow.
Weed Zone: The weed zone is equivalent to the intertidal zone found in other marine
and estuarine systems.  Since there is effectively no tide within Lake Macquarie
(Spencer, 1959), normal intertidal species are confined to a narrow fringe at the upper
edge of the weed zone.  Rocks, either in rocky or pebbly sediments or in sandy
sediments comprising varying amounts of mud, provide a suitable substrate to which
these intertidal species, such as the oyster Crassostrea commercialis, can adhere
(MacIntyre, 1959).
Seagrasses, or larger algae such as Cystophyllum and Codium on the rocky shores,
provide habitats within the weed zone for many benthic invertebrates, predominately
filter-feeders and scavenger-carnivores.  Numerous crustacea (including a number of
species of crabs), as well as brown sea slug were found amongst the Zostera beds
(MacIntyre, 1959).  Other benthic organisms of the weed zone recorded by MacIntyre
(1959) were molluscs, polychaete worms and sea snails.
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Slope Zone:  Filter feeding organisms were found to dominate the slope zone,
although carnivorous organisms and scavengers were also recorded (MacIntyre,
1959).  Organisms found in the slope zone included crustaceans, molluscs such as the
mussel Trichoma hirsuta, polychaete worms, and filter-feeding organisms of the
phylum Porifera (sponges) and subphylum Tunicata (“sea squirts”).
Mud Zone:  Occupying the largest proportion by area of the lake floor, the mud zone
in Lake Macquarie contains the lowest proportion of biomass per square metre.  The
dominant organisms in this zone were found by MacIntyre (1959) to be polychaete
worms and an ophiuroid (or brittle star).  The dominant polychaete, Maldane sarsi,
constructs thick-walled mud pillars in the sediment in which it lives.  It feeds by
ingestion of mud, and its excretions form small mounds about the entrance to the
burrow on the lake floor (which were also observed by Roy and Crawford (1984)
during their study of heavy metals in Lake Macquarie sediments).  The impact of the
sediment ingestion and excretion activities of these worms is to enhance sediment
particle turnover and porewater movement, impacting sediment chemistry (Roy and
Crawford, 1984).  Young Maldane worms were found to appear in spring and
increase to 2 - 4 cm in length by February, with most large Maldane worms
disappearing after the spring spawning.  The molluscs Myadora brevis (Stuchbury)
and Cardium racketti (Donovan) were also found in the mud zone in small numbers
(MacIntyre, 1959).  Scallops (Notovola fumata) were reported as being abundant
within living memory by local residents, although none were found during
MacIntyre’s (1959) investigation.
3.6.2 Bacterial and Fungal Communities
A component of the investigation in the 1950’s into fish depletion in the lake was a
bacterial survey of the lake (Wood, 1959a). Wood divided the bacteria of the lake into
autotrophic bacteria, heterotrophic bacteria and contaminant bacteria, the latter being
of faecal coliform origin.
Autotrophic bacteria of the sulfur cycle in Lake Macquarie were studied by Wood
(1959a).  The sulfur-reducing bacteria Desulphovibrio desulpuricans were found in
decaying seagrass beds where the Eh ranged from -180 mV to -90 mV, and were also
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found in summer in both deep and shallow water when rotting masses of seagrass
were blown about the lake by wind action.  Thiobacillus denitrificans, an anaerobic,
sulfur-oxidising bacteria, was isolated from 43% of sediment cores from principal
areas of sulfate-reduction in the lake, as well as from deep water, mud and surface
water on one occasion.  An aerobic sulfur-oxidising bacteria, Thiobacillus thioparus,
was also isolated from a number of sites about the lake.
Beggiatoa mirabilis and Thiotrix were found on the surface of mud and dead
seagrasses near an effluent discharge point in an area of strong sulfate reduction and
high organic content in the mud.  The film-forming motile organism Thi vulum was
also found on rotting seagrass in the vicinity. Chromatium, which forms pink coloured
patches a metre or more across in spring, was isolated from the lake where it
habitually grows on rafts of rotting seagrasses.  The green sulfur bacterium
Chlorobium was isolated from muds and decaying mussels.  Separate to the sulfur-
cycle bacteria, the iron bacterium Sphaerotilus was also isolated (Wood, 1959a).
Heterotrophic bacterial classifications used by Wood (1959a) were nitrogen fixers,
chitin digesters, cellulose digesters, agar digesters, lignin digesters, and proteolytic
bacteria.  While Wood (1959a) observed that sulfur cycle bacteria, purple and green
sulfur bacteria and blue-green algae species present in Lake Macquarie were capable
of fixing dissolved nitrogen, Azotobacter, a common nitrogen fixing bacterium (van
Denmark and Batzing, 1987) could not be isolated from lake samples.  Chitin
digestion was found to be very active throughout the year.  No digestion of cellulose,
in both aerobic and anaerobic conditions and with and without an organic nitrogen
source, could be demonstrated.  While this was considered surprising in view of the
cellulose-containing plants growing in the lake, Wood (1959a) provided support for
this finding, with field observations showing that, in certain parts of the lake, the
cellulosic parts of seagrasses were above the water level of the lake and are thus
removed from the bacterial populations in the water column.  Agar digesting bacteria
were found to be infrequent.  Lignin digesting bacteria showed seasonal variation;
with 8% of lignin cultures testing positive for winter samples, versus 60% testing
positive for samples taken in summer.  Bacteria able to proteolyse litmus milk and
gelatin were isolated, although no bacteria able to lyse fish protein were identified.
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In surface waters, Mycoplana dimorpha and Bacillus subtilus were the predominant
species, with other less abundant species being Bacillus megatherium,
Staphylococccus candidus, Sarcina lutea and Actinomyces sp. Bacillus subtilus was
the dominant species found in bottom water, with Bacillus megatherium and
Actinomyces p. also being found.  In the seagrass communities, Mycoplana
dimorpha dominated, with other major species being Bacillus subtilus and
Actinomyces sp.; minor species found were Corynebacterium globiforme,
Corynebacterium flavum, Corynebacterium. milt num and Mycoplana citrae.
Bacterial population levels in the mud lake were seen to be relatively constant, at
approximately 104 - 105 organisms/g (Wood, 1959a).  Little seasonal variation was
observed, although it was seen that periods of heavy and continuous rains led to
increased activity of both heterotrophs and autotrophs.  Surface water bacterial
population levels averaged approximately 100 organisms/g, while deep water bacterial
populations varied considerably and ranged from 10-100 organisms/g.
No faecal coliforms were detected in the lake in the period of the study.  Clift (1981)
however recorded faecal coliform levels off Coal Point, in Kilaben Bay and in other
areas on the western side of the lake ranging from 100 organisms/100 mL to
1,200/100 mL on the first day of sampling, to a maximum of 200,000/100 mL at a site
in the upper part of Kilaben Bay three days later.  Discharge of raw sewage and waste
from households, and ineffective sewerage and septic systems in the Kilaben Bay area,
leading to overflow and contamination, were identified as causes of the high, localised
faecal coliform levels observed.
Fungal species were isolated from Lake Macquarie using baits suspended in wire
cages and from agar isolates of muds from just below the water level (Wood, 1959a).
Land-based forms of Aspergillus and Penicillium were isolated from these mud
samples, while aquatic species isolated were Trichod rma viride P rsoon ex Fries,
Fusarium sp., Aspergillus terreus Thom, Aspergillus versicolor (Vuill) Tiraboshi, and
a Penicillium (either P. quentans or P. decumbens).
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3.6.3 Plant Communities
Four plant communities in Lake Macquarie were identified by Wood (1959b) and are
considered separately below; these communities are: the eagrasses community; the
reef community; the mud bottom community and the phytoplankton community.
The Seagrass Community:  Seagrasses present in Lake Macquarie in 1953 (Wood,
1959b) included Zostera capricorni, Zostera muelleri, Posidonia sp., Ruppia
maritima, and Halophilia ovalis.  At that time, Lake Macquarie was essentially
fringed by Zostera sp., with Z. capricorni the dominant species.  Posidonia sp.
occurred on the flats around the entrance channel and extended into Belmont Bay.
The dominant seagrass in backwaters and lagoons, such as Lake Eraring, was Ruppia
maritima. Halophila ovalis occurred in a small number of isolated areas and was not
considered to be an important member of the seagrass community in the lake.
Results from studies undertaken in the early to mid 1980’s to quantify the impact of
power station cooling water discharges on the lake ecosystem have been considered
previously (see Section 3.5.1).
More recently, the ecology of, and impact of heavy metals upon, Zostera capricorni
have been studied (Hughes, 1988; McDouall-Hill, 1989; Buchhorn, 1990; Conroy et
al., 1991). In laboratory studies involving the transplanting of seagrasses into different
sediments, Conroy et al. (1991) found that seagrasses grown in sediments obtained
from the northern part of the lake had increased growth compared with seagrasses
grown in sediment from the south east of the lake.  Heavy metal levels and turbidity in
the water column were found to be considerably higher above the northern sediment
sample site, which would be expected to retard growth.  Water column nutrient levels
were also higher in the north than in the south, and therefore, in view of the increased
growth of seagrasses in the northern sediment, nutrient levels were considered by the
authors to be an important, controlling factor in seagrass growth.
Wood (1959b) also studied the epiphytic organisms associated with the Lake
Macquarie seagrasses, which were considered to be of great importance in the food
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chain of the lake.  These epiphytes were found attached to leaf surfaces, to each other,
to the thalli of attached algae and to the external surfaces of organisms such as
molluscs.  Algae of the Cyanophyceae (blue-green algae), Phaeophyceae (brown
algae), Rhodophyceae (red algae) and Chlorophyceae (green algae) phylums were
identified.  Algal blooms of two different origins were distinguished: a mixed algal
bloom with Ectocarpus pp. and Enteromorpha spp. dominant, generally associated
with Zostera beds, and a bloom with Enteromorpha intestinalis s the dominant
algae, associated with flagellates, blue-green algae and small gastropods, and
occurring mainly in the backwaters and creeks.  Both algal blooms were observed to
cause localised sulfate reduction.
Epiphytic diatoms which occur on the seagrasses are important as food for fish and
these were extensively studied in Lake Macquarie by Wood (1959b). Diatom
concentrations were found to be densest in Myuna Bay, followed by Dora Creek,
Cockle Creek and Kilaben Bay.  Seasonal variations in the weight of epiphytes were
also studied (Wood, 1959b) with peaks of 2.5 mg epiphytes/g sea grass (wet weight
basis) associated with increased algal activity in the periods of late-summer to autumn
and spring.  Wood (1959b) also noted that the algae and diatoms found in the mud
substrate around the sea-grasses were distinct from the epiphytic flora of the seagrass
communities.
The Reef Community:  Shallow reefs in Lake Macquarie, forming a narrow band
between shallow and deep water along the steep rocky shores, are found in broken
patches between Speers Point and Toronto in the north-west, and more abundantly in
the area from Shingle Splitter’s Point to Bird Cage Point in the south-west of the lake
(Wood, 1959b).
Organisms in the reef community include epiphytic algae, which are found attached to
rocky outcrops, shores, other algae and the mussel Trichomya hirsuta. Green and
blue-green algae were the dominant smaller forms in the intertidal zone, which in the
reef community is only 2-5 centimetres, with red and brown algae dominating below
this zone (Wood, 1959a).
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Blue-green algae were observed (Wood, 1959a) to form a felt covering rocks in
sheltered areas, beneath which was a layer of reduced black mud containing
Desulphovibrio bacteria.  The Eh of the black mud was found to be -200 mV, and
Wood (1959a) cited previous research that demonstrated that these organisms can
photoreduce when grown in a Eh of -240 to -170 mV.
The Mud Bottom Community:  Very few photosynthetic plants were found in the
mud bottoms of Lake Macquarie (Wood, 1959b).  Bacterial activity was found to be
slight, with some ciliates, a few photosynthetic flagellates, and very few non-
photosynthetic flagellates found.  Wood (1959b) noted that no actively multiplying
cells of photosynthetic organisms were found in the analysis of approximately 400
bottom mud samples, and concluded that the majority of mud-dwelling organisms
were allocthhonous.
The Phytoplankton Community: The phytoplankton community of Lake Macquarie
comprises diatoms, small naked flagellates, dinoflagellates, silicoflagellates,
coccolithophores and occasionally Ch orella (Wood, 1959b).  Chaetoceros
peruvianum, an oceanic diatom, was the dominant form found in the lake.
Dinoflaggellates were mostly comprised of plankton.  Zoopla kton in the lake have
been more recently studied by Harper (1972), Hodgson (1972 and 1979) and Bugler
(1980).
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3.6.4 Fish Species and Fish Depletion
A total of 103 fish species were identified in Lake Macquarie (Thomson, 1959b) as
part of the 1950’s investigation into fish depletion in the lake; a complete listing of
species identified in the lake are recorded in Thomson (1959b).  Of these fish species,
34 were considered to be “fishes of commerce”, with only 12 species being of any
particular significance in the Lake Macquarie fishery(Thomson, 1959a).  The most
recent available date for the annual fish catch in the lake is 300,000 - 400,000 kg,
20% of which goes to the Sydney markets (Woodford, 1995).
An hypothesis was presented regarding the alleged fish depletion in the late 1940’s
and 1950’s which was the subject of the investigation reported by Baas Backing et al.
(1959), and which also highlights the importance of the benthic zones of the lake to
the higher trophic zones.  Heavy rainfall over a prolonged period during the autumn
months of 1955 and 1956 (Spencer, 1959) led to stratification of the water column of
Lake Macquarie into a freshwater layer on the top and a denser, salt-water layer
underneath.  Four other occasions of heavy rainfall potentially leading to stratification
had also been recorded since 1940.  Thomson (1959d) proposed that this stratification
led to reduced oxygen levels within the lake, which may have been lethal to some
aquatic species.  Evidence to support the hypothesis was based on the many dead
mollusc shells observed at the time and the lack of live specimens of many species.
Polychaete worms, algae, and other benthic organisms, which have no skeletal
remains to leave as evidence, wer  also considered to have been affected by the
oxygen-poor water layers.  In some cases, very young live stages of shellfish were
observed and were assumed to have recolonised by transfer of larvae from the sea, as
no resident populations of the majority of molluscs remained in the lake for
recolonisation.  The deoxygenated lower layer also appeared to have reached high up
on the slope zone in certain areas as evidenced by the distribution of mollusc remains
on the slopes; wind-driven circulation in the lake (Spencer, 1959) would explain this
movement of the deoxygenated water layer.
Based on the hypothesis, the overall result of the loss of benthic organisms arising
from  the stratification of the water column would have been a reduction in the fish-
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carrying capacity of the lake.  This illustrates the heavy dependence of the food web
within Lake Macquarie on the benthos.  While the hypothesis could not be accepted
nor rejected because of lack of data on benthic populations before, during and after
the heavy rainfall events, it was considered to accord with the data collected during
the investigation of the lake (Thomson, 1959d). Additionally, no severe
deoxygenation events were recorded during the study period, and hence the
hypothesis on fish depletion could only be supported at the time by indirect evidence
(MacIntyre, 1968).  In support of this hypothesis, MacIntyre (1968) reported in a
later study that strong stratification was observed in the water column in Lake
Macquarie in 1963 after a period of heavy rain.  Oxygen levels were reduced to 2.9 %
of saturation, a condition which took five weeks to develop and decline.  It was
concluded that deoxygenation is not a regular phenomenon, but is erratic and partly
dependent upon climatic factors.  Animal, plant and bacterial respiration in the water
column and in and on the bottom sediments was suggested by MacIntyre (1968) to
have contributed to the depletion of oxygen in the lower layers, and physical
separation of the bottom water from the source of oxygen at the top.  MacIntyre
(1968) also considered that flooding caused by heavy rains would lead to an increase
in dissolved and particulate nutrient matter brought into the lake by the flood waters,
which may increase microbial activity, and that the high turbidity of the incoming
surface water would result in a decrease in light penetration and photosynthetic
oxygen penetration.
3.7 HEAVY METAL AND SELENIUM CONTAMINATION OF LAKE 
MACQUARIE
Evidence of heavy metal contamination of Lake Macquarie appears to have first
become available as a result of investigations conducted in 1974 and 1975 by the
NSW Department of Mines (Crawford et al., 1976; Roy and Crawford, 1984).  Heavy
metal concentrations in surficial sediments, sediment cores, seagrasses and fish were
studied during this investigation with significant heavy metal contamination of the lake
found to have occurred.  Subsequent studies of heavy metal contamination of Lake
Macquarie have included those of: Furner (1979); the CSIRO Division of Fuel
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Technology (Batley, 1987); Scanes (1993); Roberts (1994); Smith (1995); Turnbull
(1995); and Peters t al. (1996a, 1996b, 1996c).
Heavy metal contamination of Lake Macquarie is undoubtedly of anthropogenic
origin, as heavy metal levels in the sediment are not consistent with those expected
from the erosion of the rocks of the Lake Macquarie c tchment (Roy and Crawford,
1984).  Indeed, the Environmental Audit Report (SPCC, 1983) stated that the size of
the lake made it amenable to controlled disposal of treated effluent.  Major discharges
into the lake (see Figure 3.3 below) were identified in the Audit report as: the
discharges from the lead-zinc smelter (discharging into Cockle Creek) containing low
concentrations of metals; discharges from sewage treatment works (which have
recently been diverted to an ocean outfall at Belmont (Anonymous, 1995)); and
discharges from coal-mines.  The minewater discharges were considered to consist of
water of a similar quality to that of the lake water, resulting from intrusion of lake
water or surface rainwater into the mines.  The mineral properties of the mines were
considered to be such that no appreciable acidification occurred and hence no major
erosion of mine materials and mobilisation of metals into the water was expected
(SPCC, 1983).
Overflow from ash-dams associated with the coal-fired power stations in operation
around the lake as well as atmospheric deposition of fly ash from their stacks, may
also be potential contributors of heavy metals to the lake (Davies and Linkson, 1991).
Studies on the impact of ash dam discharges have been performed by Batley et al.
(1991) and Davies and Linkson (1991) and are considered in Section 3.8 below.
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Figure 3.3 Location of Heavy Metals Sources at Lake Macquarie
3.7.1 Heavy Metals Distribution in Sediments
Data on heavy metal concentrations in Lake Macquarie sediment are collated in Table
3.1.  In a detailed study which provided the first real evidence of the heavy metals
contamination of Lake Macquarie, 203 surface sediment samples and 34 cores of
undisturbed sediment were collected from the lake in 1974 and 1975 and analysed for
Cu, Pb, Zn, Cd, Fe, Mn, Ni, Co and Ag (Roy and Crawford, 1984).  Background
levels for these elements in Lake Macquarie were considered to be represented by the
uniformly low metal concentrations in the lower parts of sediment cores.  Background
values proposed for the metals were generally consistent with data in the literature for
typical unpolluted, fine-grained estuarine and nearshore sediments, and from
sandstones, shales and clayey sediments.  Hence, background concentrations were
assumed to represent natural metal concentrations derived from erosion of rocks in
the Lake Macquarie catchment, and levels above this were considered to indicate an
enrichment in metal concentrations.
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There was a clear southward trend in Zn, Pb, Cu and Cd in surface sediments, the
highest concentrations in sediments from Cockle Creek.  An opposite but less
developed trend was seen for Mn.  Fe, Ni, Co and Ag showed no significant trends,
rarely rising above natural background levels.  Lead enrichment at the northern end of
the lake was 176 times background, with Cd, Zn and Cu concentrations 170, 47 and
10 times above background, respectively.  In Cockle Creek surficial sediments,
maximum concentrations of 6,000 mg/g Pb, 600 mg/g Cd, 6,250 mg/g Zn and 305
mg/g Cu were reported in the reaches of the creek below the lead-zinc smelter, and
contrasted with levels in Dora Creek in the south west which were only slightly
enriched above background in Zn.
In profiles of the vertical distribution of Zn, Pb, Cu and Cd in sediment cores, highest
concentrations were found in surface sediments with concentrations decreasing with
lake depth.  Distribution patterns were similar to those in surficial sediments.  The
metal-enriched layer was generally 0.15-0.35 m thick; however there was no
relationship to either water depth or proximity to creek mouths.  Roy and Crawford
(1984) observed that unnaturally high quantities of metals had been entering the lake,
as well as local sedimentation rate and extent of physical and biological mixing (e.g.,
bioturbation).
Samples from two cores, one in the north of the lake near the Cockle Creek delta, and
one in the south between Vales Point and Wyee Point were also analysed for other
particularly enriched metals (Batley, 1987).  Gold and selenium concentrations in
surficial sediments from the northern site were 20 mg/g and 14 mg/g respectively,
diminishing rapidly to plateau values of 6 mg/g and 4 mg/g respectively at a depth of
0.35-0.40 m.  Selenium levels were found to be still above background levels for the
southern site, even at the greatest depth sampled.  Batley (1987) observed a
correlation between zinc and selenium concentrations, and concluded that gold and
selenium were deposited as a result of sedimentation and discharges at the Cockle
Creek delta site in the north of the lake.
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Data on sediment heavy metal concentrations were also obtained as part of a study to
determine whether cockles in Lake Macquarie accumulated heavy metals from the
sediment in which they live or from the water column (Scanes, 1993).  Data were
collected from the top 20 cm from sites in Cockle Bay in the north and in Cragnan
Bay in the southeast corner of the lake; approximate concentrations, on a dry weight
basis, are presented in Table 3.1.
Heavy metal concentrations in the sediments of Cockle Creek have also been studied
by Furner (1979) and Spurway (1982) and are also included in Table 3.1.  The latter
study was confined to the vicinity of the depositional island formed at the mouth of
Cockle Creek, around which the two arms of the creek flow, and downstream of the
discharge point from the lead-zinc smelter.  Furner (1979) found that while sediment
heavy metal concentrations decreased downstream to the mouth of Cockle Creek,
concentrations in sediment from Cockle Bay were found to be higher than in samples
downstream from the discharge point into Cockle Creek, which was attributed to
deposition of the suspended sediment load of the creek into the Cockle Bay delta.
Importantly, total metal concentrations will include forms which are chemically inert
or unable to be assimilated by biota (Batley, 1987); therefore, such values do not
provide a true indication of the risks posed to humans and the environment by heavy
metal contaminants in soils and sediments.  Mobility of metals refers to those forms
which are moved by water under toxic soil conditions being available for uptake.
Thus, the bioavailability of specific metal fractions is affected by their mobility.
Sequential extraction of the variously-bound metal fractions in sediment and soil is a
common method for determining the partitioning of a metal between its various
forms, including those available to aquatic and soil dwelling organisms.  Extraction
sequences are designed to differentiate between the exchangeable, carbonatic,
reducible (hydrous Fe/Mn oxides), organic matter bound or oxidisable (metal sulfides
and elemental forms of metals) and the residual fractions (mineral bound, i.e.,
silicates).  The exchangeable ions, carbonate and oxide fractions are generally the
most mobile (Batley, 1987) and therefore most readily available to organisms.  Batley
(1987) noted, in his rationale for his investigation, that while information regarding
total heavy metal concentrations is important, these total concentrations will include
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forms of the metal which are chemically inert or are unavailable to biota.  Therefore,
in assessing the impact of metal contamination on a given ecosystem, the mobility and
bioavailability of heavy metals to organisms was considered an important parameter to
be determined, as it is the bioavailable fraction of the total metal concentrations which
may cause toxicity and bioaccumulation.  Batley (1987) analysed sediments from
eleven sites using a sequential extraction method outlined by Salomons and Forstner
(1984). Selective chemical extractions were employed to extract different metal
phases from sediment samples.  Ammonium acetate, hydroxylamine hydrochloride,
hydrogen peroxide, and nitric/hydrofluoric acid were used to quantify the
exchangeable, surface-adsorbed, organically bound and residual fractions,
respectively.  An additional extraction scheme using ethylenediaminepentaacetic acid
(EDTA) as an estimate of the bioavailable fraction (Bately 1987) was also studied.
Good correlations for EDTA-extractable Zn and Pb sediment concentrations were
later found with metal accumulation in two species of gastropods and a polychaete
worm (Ying, 1992).
Pb and Zn, and to a lesser extent Cd and Cu, were found to be enriched in sediments
from the northern part of the lake in ion-exchangeable and surface-adsorbed forms, as
well as in sulfides and organically bound forms, most of which were considered to be
available to benthic organisms (Batley, 1987).  For example, surface adsorbed Zn
concentrations ranged from 890 mg/g near the mouth of Cockle Creek to 180 mg/g
near Belmont.  EDTA-extractable concentrations for these same sites were 960 mg/g
and 180 mg/, respectively, with total extracted concentrations of 2,450 mg/g and 0
mg/g, respectively (Batley, 1991).  Total extracted metal concentrations for Zn, Cd,
Pb and Cu from this study are included in Table 3.1.  Data from a later study by
Batley and co-workers (reported in Ying et al. 1992), on the bioavailability of heavy
metals to marine invertebrates and the ability of chemical extractants to measure
bioavailable metals in sediments from Lake Macquarie, are also presented in Table
3.1.
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3.7.2 Heavy Metals in Pore Waters
Heavy metal concentrations in pore waters of Lake Macquarie sediments were studied
by Batley (1987) and had high concentrations of Zn.  Zn levels were found to be high
(20-30 mg/L) in six pore water samples extracted from surficial sediment samples,
spanning the northern to middle reaches of the lake, but lower in sites in the far north
and elsewhere. Cd concentrations paralleled those of Zn; a similar trend was observed
for Pb, with a maximum porewater concentration of 20 mg/L, although sites of
maximum concentration differed to those for Zn.  Iron concentrations were high (0.5-
0.7 mg/L) in the northern part of the lake, while Cu was only high at a single site in
the north (which was geographically removed from the Cockle Creek delta).
3.7.3 Heavy Metals in the Water Column
Dissolved heavy metal concentrations in the water column, and in discharges to the
lake, have been studied by Batley (1987) and are collated in Table 3.2.  In this study,
samples of lake water were collected at 12 different sites on three dates, including two
sets of samples from the lead-zinc smelter discharge into Cockle Creek.  Batley
(1987) cautioned that values for dissolved metal concentrations at each site were
found to vary as a function of both metal species and sampling date, and were affected
by mixing currents, temperature and sedimentary input, resulting in difficulties in
interpreting data.  However, diminishing north-south trends in dissolved
concentrations of Zn and Pb were observable, with very high concentrations being
found in the smelter discharge, diluting in the Cockle Creek delta and with minimum
concentrations being observed at the southern sampling sites near Vales Point.
Average dissolved metal concentrations in the discharges from sewage treatment
works at Toronto, Edgeworth and Marmong Point were also studied by Batley
(1987).  Dissolved metal concentrations were found to vary considerably, with
average values reported in Table 3.2; however a soluble Zn level of 2.1 mg/L was
reported on one occasion.
Heavy metal levels in other actual or potential aqueous discharges to the lake were
also documented (Batley, 1987).  Water samples collected from the Mannering Lake
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ash dam near the Vales Point power station, and the Wallsend borehole discharge in
the northwest, were reported as having heavy metal levels typical of unpolluted,
natural waters.  Results from samples taken on two occasions from the smelter
discharge are shown in Table 3.2
3.7.4 Heavy Metals in Aquatic and Benthic Organisms
Heavy metal concentrations associated with plant and animal life in Lake Macquarie
has been studied by a number of investigators (Table 3.3).  Species investigated
include algae, seagrasses, molluscs and fish.  Paralleling the distribution of heavy
metals in sediments, tissue concentrations of Pb, Zn, Cd and Cu in plants, worms,
snails and molluscs collected by Furner (1979) from all trophic levels within the lake
were higher in samples collected in the north than in the south.
Algae:  Batley (1987) examined green algae (chlorophyceae) of the genus
Enteromorpha collected from five sites throughout the lake for tissue heavy metal
concentrations (Table 3.3).  Zn, Se, As and Pb were observed to be enriched in the
algae from the most northerly sites in the lake.
Seagrasses:  Dramatic enrichments of Pb and Zn (17 and 11 times, respectively) in the
leaves and roots/rhizomes of Zostera samples collected from a site in the north of the
lake (off Marmong Point) have been reported when compared with concentrations in
the surrounding surface waters, pore waters and sediments (Batley, 1987).  Se, Co
and Au were also found to be enriched in samples from this site, while Fe was
enriched only in the roots/rhizomes of samples.  Enrichment of the leaves of these
plants was postulated as occurring via the roots and the contaminated sediment in
which they are anchored (Batley, 1987), based on the relatively low concentrations of
metals in overlying waters.  The effect of heavy metals on the growth characteristics
of Zostera capricorni have also been studied (Hughes, 1988; McDouall-Hill, 1989;
Buchhorn, 1990; Conroy et al., 1991).
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Table 3.1 Heavy Metal Concentrations in Lake Macquarie Sediment
Location Au Cd Cu Fe Pb Se Zn Reference
Cockle Creek
(downstream)
170* 10* 176* 47* Roy and
Crawford,
1984
Cockle Bay 600 305 6000 6250 Roy and
Crawford,
1984
Cockle Creek
Delta
20 43 185 1810 14 2450 Batley,
1987
Cockle Bay 80 80 740 1430 Scanes,
1993
Cragnan Bay 2 8 20 48 Scanes,
1993
Cockle Creek
(upstream)
28.4 26.8 321 381 Furner,
1979
Cockle Creek
(discharge pt.)
66.1 45 1020 672 Furner,
1979
Cockle Creek
(downstream)
184.4 17.28 384 822 429.4 Spurway,
1982
Cockle Bay 1028 Spurway,
1982
Central
western shores
15 92 541 Chenhall
and Jones,
1993
Vales Point 0.7 20 68 152 Batley,
1987
Lake
Macquarie
18-
122
22-
370
108-
990
500-
7100
Ying et al.,
1992
Values in mg/g sediment (dry weight), except values marked *, times background levels.
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Table 3.2 Heavy Metal Concentrations in Lake Macquarie Waters
Location Cd Cu Pb Zn Reference
Cockle Bay - total dissolved2.5 1.5 2.8 28 Batley, 1987
Cockle Bay - suspended
metals
2.1 1.1 26 9.1 Batley, 1987
Chain Valley Bay - total
dissolved
0.22 1.2 0.11 1.0 Batley, 1987
Chain Valley Bay - suspended
metals
0.02 0.43 0.56 4.9 Batley, 1987
Sewage works discharges -
total dissolved metals
0.8 9 8 17 Batley, 1987
Smelter discharge - total
dissolved metals
28-62 16-17 100-200 120-570 Batley, 1987
Pore water, northern lake 20 20-30 Batley, 1987
Values in mg/L.
Conroy et al. (1991) reported the use of a sediment-free system, to which the metals
Pb, Cd, Cu and Zn were added as chlorine salts, to test the direct effects of heavy
metals on seagrass growth, using seagrasses from a relatively unpolluted site.  Effects
of these metals upon the growth of the seagrasses were observed at metal
concentrations from 0.5-5 mg/L and which were within the range found in both
sediments and water in the lake.  Impacts upon seagrasses included effects upon
structural characteristics of leaves and shoots as well as decreased potential
photosynthetic rate as measured by oxygen production.  It was concluded from this
study that heavy metals are capable of inhibiting the growth of seagrasses, but the
importance of this effect in the decline in seagrass populations in the north of the lake
was unable to be determined (Conroy et al., 1991).
Additionally, in laboratory studies involving the transplanting of seagrasses into
different sediments, Conroy et al. (1991) found that seagrasses grown in sediments
obtained from the northern part of the lake had increased growth compared with
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seagrasses grown in sediment from the south east of the lake.  Heavy metal levels and
turbidity in the water column were considerably higher above the northern sediment
sample site, which would be expected to retard growth.  However, water column
nutrient levels were also higher in the north than in the south, and therefore, in view
of the increased growth of seagrasses in the northern sediment, nutrient levels were
considered to be an important, controlling factor in seagrass growth.
Molluscs: Tissue concentrations of heavy metals are reported in the literature (Batley,
1987; Furner, 1979) for the hairy mussel Trichomya hirsuta and the cockle Anadara
trapezium.  Average values for heavy metals found in freeze-dried samples of T.
hirsuta and A. trapezium, collected from Fennel Bay near the northern end of the lake
(Batley, 1987) are presented in Table 3.3.  Lead concentrations reported by Furner
(1979) at comparable sites were considerably higher (9.2 and 9.3 mg/g, respectively)
and are postulated to be because of contamination of molluscs by Pb from sediments
collected with the molluscs (Batley, 1987).
Bioaccumulation of Zn, Cd, Pb and Cu in the cockle Anadara trapezium from Lake
Macquarie has more recently been studied (Scanes, 1993).  The hypotheses examined
in this investigation related to whether cockles accumulated trace metals from the
water column or from the sediment in which the cockle was partially buried.
Translocations of sediments between impacted (Cockle Creek in the north) and
unimpacted (Kilaben Bay and Cragnan Bay) sites and vice versa were made to allow
statistical comparisons of contaminated and uncontaminated sediments and water.
Temporal variability was also examined by conducting a replicate experiment two
years after the initial one.  Cockles collected from unimpacted sites in the south and
west of the lake were used in the study and were implanted into the sediment in each
treatment.  Several months later, cockles were retrieved from the sediments and
analysed for tissue heavy metal levels.
It was found that cockles placed at the Cockle Creek site accumulated more Pb, Zn
and Cu than cockles at the other two sites, which showed conclusively that
bioaccumulation of Zn and Pb occurred to significantly greater levels in the treatments
which were exposed to elevated concentration of heavy metals in the water column.
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No differences were observed however for Cd.  Analysis of data indicated that the
presence of contaminated sediments did not lead to elevated cockle heavy metal levels
at the control locations, and it was concluded that the effects of contaminated
sediment on metal uptake and accumulation by the cockles was very small.  The
observed consistency in results between the two trials at a two year interval, and
similar unpublished results reported for the oyster Sacco rea commercialis, were
taken as additional justification for the findings of the study.
Scanes (1993) contrasted these results with the findings of Batley (1987), where it
was found that the majority of Zn and Pb in Lake Macquarie sediments was present in
forms that should be biologically available, based on selective extraction of the
bioavailable metal fractions from sediment.  Trace metal testing of bulk sediment has
been reported as being unreliable in the measurement of trace metals bioavailability
(Adams et al., 1992), and further studies were suggested (Scanes, 1993) to assess the
heavy metal bioavailability from sediments and the involvement of sediments in
contributing heavy metals into biological systems.  In addition, while the immediate
source of heavy metals in the cockles was found to be the water column, Scanes
(1993) also recommended that additional work was needed to determine what
contribution the sediments made to water column concentrations of heavy metals.
Phillips (1992) earlier had found that there was a direct cause and effect relationship
between copper and genetic variants in the hairy mussel Trichomya hirsuta in Lake
Macquarie, and further that Cu, Cd and Pb inhibited enzyme activity in these
organisms.
Fish: Heavy metal accumulation in edible and commercially-fished fish species in the
lake has been studied by Furner (1979) and Roberts (1994).  Furner (1979) found the
livers of sea mullet and silver bream caught in Cockle Creek to have elevated levels of
Zn, Pb and Cd compared with those in the south of the lake.  Se, Cd, Cu and Zn
tissue concentrations in sea mullet (M gil cephalus), tarwhine (Rhabdosargus sarba),
and silverbiddy (Gerres ovatus) were studied by Roberts (1994).  Average
concentrations (dry weight basis) of heavy metals in fish muscle tissue varied with
species and ranged from 14-21 mg/g for Cu, 28-76 mg/g for Zn, 0.03-0.07 mg/g for Cd
and 4.8-10 mg/g for Se.  Selenium levels were elevated in relation to fish sampled
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from other locations in Australia, where Se concentrations in fish muscle tissue ranged
from below the limit of detection to 1 mg/g on a wet weight basis (Bebbington et al.,
1977; Lincoln Smith and Mann, 1989; McLean et al., 1989).  When the results of
Roberts (1994) were converted to a wet-weight basis and compared to the National
Health and Medical Research Council (NHMRC) standard for human consumption of
1 mg/g (wet weight), mean selenium concentrations for tarwhine were just under this
level, while mean concentrations in both mullet and silverbiddy were approximately
twice the NHMRC level.  However, individual tarwhine specimens had selenium
muscle tissue levels 3-4 times greater than the NHMRC level, and levels up to 12
times greater than the NHMRC level were reported for sea mullet above 0.3 m in
length.  Consumption of fish with these levels of selenium was considered by Roberts
(1994) to pose a health hazard to humans; the consumption of only 62 g of mullet
from the south of Lake Macquarie was reported to have the potential to cause chronic
selenium toxicity (Love, 1995).
The high levels of selenium were only found in fish above a certain length or weight,
and a proportion of observations of selenium concentration in all three species below
or approximately equal to the NHMRC level, lead Roberts (1994) to conclude that
fish from Lake Macquarie under a certain length are safe for human consumption.
This safe length varied with species, and was approximately 25 cm for sea mullet, 16
cm for tarwhine, and 11 cm for silverbiddy.
It has also been noted (Lake Macquarie City Council, 1995) that studies on selenium
in fish had been carried out for a number of years by Pacific Power, the operator of
the power stations for some or all of their lives, although the data has not been
publicly available.  These studies are represented by the NSW Environment Protection
Authority (Lake Macquarie City Council, 1995) as indicating that selenium levels in
fish from Lake Macquarie are considerably higher than fish caught in NSW ocean
waters, and above NHMRC guidelines. Fish samples from Wyee Creek and
Mannering Bay collected since 1992, in the vicinity of the Vales Point power station
and subject to overflows from the adjacent ash dam, were reported as having from
five to fourteen times the recommended concentration of selenium; and fish from
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Myuna Bay, near the Eraring power station, were reported to have selenium levels
generally twice those of the NHMRC limit (Lake Macquarie City Council, 1995).
To further investigate the accumulation of selenium in fish from the lake, and to
address what were perceived as limitations in the sample design of Roberts (1994) (in
that fish were collected from near the power station ash dams where high selenium
concentration of selenium could be expected (Jackson, 1995)), a joint study between
Lake Macquarie City Council, the relevant state government departments, Pacific
Power, Pasminco Metals-Sulphide (operators of the smelter) and local fishermen
(Stephenson, 1995; Anonymous, 1996; Sharrock, 1996) was undertaken in 1997 to
provide data acceptable to all concerned parties and on which decisions on potential
remediation strategies could be made.  The findings of this study are considered
below.
The major finding of this study (Hunter Public Health Unit, 1997) was that 66% of
fish flesh samples studied exceeded the Food Standards Code level of 1 mg/kg for
selenium, and in areas near heavy industry, such as in the vicinity of the power
stations and the lead-zinc smelter, up to 88% of samples exceeded the standard.
However, it is apparent that the study has a number of weaknesses, which for the
most part it acknowledged itself in the Discussion section, which limit its applicability.
The study therefore is not to be seen as the “definitive” study on selenium
contamination in Lake Macquarie, but rather an important component of an ongoing
attempt to understand the issue of selenium contamination in the Lake and its
ecosystems.  Addressing some of these and noting specific areas for further
investigation:
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Table 3.3 Heavy Metal Concentrations in Aquatic and Benthic Organisms 
in Lake Macquarie
Organism Ag As Cd Cu Pb Se Zn Reference
Green algae
(Enteromorpha
sp.)
1.9-69 3.4-
4.9
8-
158
0.3-
1.6
26-
105
Batley, 1987
Seagrasses
(Zostera sp.)
17* 11* Batley, 1987
Mussels
(Trichomya
hirsuta)
7.9 4.9 2.6 0.99 3.3 70 Batley, 1987
Mussels
(Trichomya
hirsuta)
13.9 5.9 9.3 100 Furner,
1979
Cockles
(Anadara
trapezium)
13.0 12.9 3 1.2 6.4 84 Batley, 1987
Cockles
(Anadara
trapezium)
13.1 2.4 9.2 109 Furner,
1979
Mullet (Mugil
cephalus)
(Cockle Creek)
0.02 0.47 0.44 3.96 Furner,
1979
Mullet (Mugil
cephalus)
0.05 21 10 28 Roberts,
1994
Silverbiddy
(Gerres ovatus)
0.03 16 8.2 76 Roberts,
1994
Tarwhine
(Rhabdosargus
sarba),
0.07 14 4.8 36 Roberts,
1994
Values in mg/g (dry weight), except values marked *, times background levels.
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1.  Only commonly harvested fish and crabs were analysed.  Of potential concern is
the lack of analysis of any prawns and shellfish.  The high Se tissue level data for
flathead and bream data suggest that accumulation from the benthic (bottom-
dwelling) food chain, which includes crustaceans and worms, is significant, and thus
suggests, indirectly, that prawns and or other benthic organisms are significantly
contaminated with selenium.  Without any data, the risk posed by such contamination
of shellfish and other benthic organisms from the lake which may be eaten by humans
is unknown, but clearly a potential risk does exist which needs to be quantified.  A
summer investigation of bottom-dwelling organisms, including prawns, needs to be
conducted to provide this data.
2.  The averaging assumptions in the study assume that fish consumers eat fish from
all over the lake.  This is potentially not the case with recreational fishermen who may
be living off their catch and fishing in only one or a small number of areas, recalling
that the lake is the largest of its kind in the state.  There is also the potential for
adverse impacts upon piscivorous (fish-eating) birds which should be investigated, as
the teratogenic effects of selenium upon birds have been well-documented in
selenium-impacted ecosystems overseas (Ohlendorf, 1989; Ohlendorf and Hothem,
1995).  A check on the reproductive status of birds in the Wyee area (in the vicinity of
the Vales Point Power Station and where excessive levels of selenium in fish were
documented in this study) to examine for selenium-induced birth defects is needed to
determine whether these populations have been impacted by selenium.
3. Fish skins were excluded from the study but are often eaten by humans and birds.
Birds would also eat internal organs from fish, and humans may also consume these
indirectly through their use in the preparation of fish stocks and other cooking.  Skin
and internal organs of organisms have been shown in previous studies to typically
have higher concentrations of selenium than muscle (Rosenfeld and Beath, 1964;
Roberts, 1994).
4.  Small creeks were excluded as being commercially unimportant, but these are
fished extensively by recreational fishermen, with selenium levels in one of these
creeks, Wyee Creek, being  up to 20 times higher than those encountered in the Lake
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proper (see Chapter 5 of this study).  This raises the real concern that selenium levels
of fish which live in these creeks may well be considerably higher than fish from the
lake itself, due to the higher levels of selenium sediments in which these fish may
forage for food, and therefore that these fish may pose a considerable health risk to
recreational fishers and their families who consume these fish.
In summary, the Hunter Public Health Unit (1997) report is a valid averaging
exercise, with most of the fish analysed in homogenates of five tissue samples.
Despite the implications of averaging, it is interesting that the “mean fish” from Lake
Macquarie contained is 20% more than the recommend level for selenium; in other
words, if a consumer ate just 60 g of this fish they would exceed the WHO-
recommended level, although one would need to eat over 4 kg/day to exceed the
toxic level of 5 mg/day.  This would not present a problem to the average meat-eating
person, but may present an issue to unusual people and piscivorous birds.  As
previously noted, whilst this report provides useful, recent and statistically valid
information concerning selenium levels in seafood from Lake Macquarie, the impact
of selenium upon the wider ecosystem remains unknown and in need of further
investigation.
3.8 SELENIUM SOURCES IN LAKE MACQUARIE
Selenium contributions from various contaminant sources to Lake Macquarie have
recently been quantified (Woodford, 1995) as: 400 kg/year for Vales Point and
Eraring power stations; 200 kg/year for the lead-zinc smelter (representing a 90%
reduction from previous levels of up to 2,000 kg/year) and 10 kg/year by sewage
treatment works.  Atmospheric and stack discharges of selenium from the smelter are
reported at approximately 500 kg/year (1989-1995) (Lake Macquarie City Council,
1995).  Historically then, and given that the power stations only began operating since
the 1950’s, the lead-zinc smelter has been the major contributor of selenium to the
lake.  Now, with dramatically reduced discharges from the smelter, and given that
selenium escaping from the stacks at the power stations is many times that emitted
from the smelter (Davies and Linkson, 1991), the two remaining power stations
combined are the largest contributor of selenium to the lake.
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Release of selenium into the environment from the Vales Point and Eraring Power
Stations, on the southern and southwestern shores of Lake Macquarie respectively,
was specifically investigated in the study of Davies and Linkson (1991).  A
component of the study was to conduct a complete material balance for selenium
about the power stations, identifying the critical streams, their flowrates and their
relative contributions to selenium input into the environment of Lake Macquarie.
Selenium in residual ash from the coal combustion processes at the two stations
flowing to the ash dam was found in this study to be in both water soluble and water-
insoluble forms; between 97-98% of selenium was in the insoluble form.  The selenite
ion, Se(IV), was found to account for approximately 90% of aqueous selenium in the
effluent, with the remainder being the selenate ion, Se(VI).  Fly ash from the two
stations was found to contain between 21-22 mg Se/kg ash.  For comparison,
selenium content of fly ash from power stations in the USA using pulverised fuel (Wu
and Chen, 1987) ranged from 6 mg/kg to 20 mg/kg.  The contribution of total
selenium to the ash dam at the time of the study and based on historical data was
found to be approximately 30 t/yr for Eraring, and 18 t/yr for Vales Point.  Values of
selenium in aqueous effluent leaving the ash dams were reported as 1.9 ± 0.4 kg/day
for Eraring, and 1.2 ± 0.2 kg/day for Vales Point.  Selenium concentrations in weir
flows from the Eraring ash dam during the study period ranged from 15-80 mg/L; by
comparison, outlet waters from the ash dam at the Tallawarra coal-fired power station
on Lake Illawarra, an estuarine lake approximately 100 kms south of Sydney, were
found to average 13 mg/L, with a maximum concentration recorded of 220 mg/L
(Batley et al., 1992).  Selenite was found by Davies and Linkson (1991) to be the
predominant species in this effluent, which is consistent with the findings of other
overseas investigators (Merrill et al., 1987; Ericzon et al., 1989).  The toe drain from
the Eraring ash dam enters Crooked Creek, which flows into Whitehead’s Lagoon and
then into Myuna Bay in the lake proper, while effluent from Vales Point flows into
Wyee Creek approximately 7 km from the lake, with some flow also diverted into
Mannering Bay.  The potential input of selenium from the ash dams into Lake
Macquarie for the two currently operational power stations, based on the data of
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Davies and Linkson (1991), was calculated as 113.15 ± 30.4 kg/yr selenate and
1018.35 ± 273.6 kg/yr selenite (Wegenaar, 1995).
Davies and Linkson (1991) observed that while effluent concentrations from the Vales
Point ash dam chronically exceeded the limit imposed by the NSW Clean Waters Act
(1970) of 10 mg/L, there was no evidence of selenium accumulation in downstream
waters nor of any biological impact, based on their analysis of the publicly available
literature.  Volatilisation of selenium by plants and microorganisms in the 7 k  of
Wyee Creek before it reaches the lake was proposed as a possible mechanism to
account for the apparently lost selenium.  Plants downstream of the ash dam discharge
from Eraring were found to contain selenium at approximately 150 fold increase over
the surrounding water, indicating significant biological uptake.  During periods of low
to zero flow in Crooked Creek, the uptake and methylation of selenium by biota, as
well as gradual sedimentation of selenium into insoluble selenium compou ds, were
proposed by Davies and Linkson (1991) as removal mechanisms for selenium from
the stagnant ponds in Crooked Creek.
Given these findings regarding the fate of aqueous selenium in ash dam overflows and
effluent from toe drains, it could be postulated that the two operational power stations
at Lake Macquarie do not represent a significant source of aqueous selenium input
into the lake.  However, overall mass balances on the Eraring power station
conducted as part of the study of Davies and Linkson (1991) identified that
approximately 18.6 t/yr of selenium was discharged to the atmosphere via stack
emissions.  In their mass balance, 47.2 t/yr of selenium entered the power station in
the coal, while 28.6 t/yr emerged in the fly ash.  The remainder of selenium was
considered to report to the stack and to be expelled into the atmosphere.  In their
study of the impact of Tallawarra Power station on Lake, Batley et al. (1992)
calculated that approximately 150,000 t of fly ash had been contributed by the power
station to the lake and its surrounds during the period of operation 1954-1989.  They
observed that this fly ash would deposit in the lake and up to six kilometers away,
depending upon wind direction and speed.
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Fly ash particles have been identified in sediment samples taken near the Wangi Wangi
power station (Batley, 1987; Batley, 1991) and were found by analysis using an
electron microscope to comprise less than 2% of the sediment sample, although
Batley (1987) proposed that the actual contribution of fly ash may be greater.  Results
from the NSW Electricity Commission cited by Crawford et al. (1976) showed
sediment in Wyee Bay (near the Vales Point power station) comprising 20-40% fly
ash, with sediment from near Wangi containing 1-5% fly ash.  Enrichments of
sediments near the Vales Point and Wangi power stations in Cu were attributed by
Crawford et al. (1976) to fly ash deposition and were found to be elevated some three
to four times the background concentrations as measured at more pristine areas of the
lake (Batley, 1991).  These results indicate that fly ash does escape the stacks and
deposits in the lake, although it is likely that improvements in electrostatic
precipitators and reduced emission criteria imposed by regulatory bodies over recent
years would have reduced the amount of material escaping the stacks.
Nonetheless, coupled with the data of Davies and Linkson (1991) this lends support
to the hypothesis that atmospheric deposition of fly ash and overflows from power
station ash dams represent additional important but localised sources of selenium and
heavy metal contaminants to the lake, in addition to discharges from the lead-zinc
smelter.  As previously noted, the lake is naturally divided at Wangi Point into
separate north-south sections, and there is  ind pendence of water movement between
the two sections (Spencer, 1959).  Therefore, atmospheric deposition of fly ash and
ash dam overflows, coupled with discharges from ash dams, could account in part for
the high levels of heavy metals observed in sediment core samples collected from the
southern and western parts of the lake (Batley, 1987).  These sites are up to 22
kilometers from the discharge point of the lead-zinc smelter into Cockle Creek in the
north.  Batley et al. (1992), in their study of Lake Illawarra, concluded that there was
no unequivocal evidence that showed changes in the biota of that lake caused by the
Tallawarra power station, but that industrial activity had had a measurable impact on
the trace element and ash content of lake sediments.
Clear trends in decreasing heavy metal levels with distance from Cockle Creek
reported by Batley (1987) and Roy and Crawford (1984), together with Pb
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concentrations up to 100 times the background concentrations for the northernmost
sediment samples (Batley, 1991), support Cockle Creek and the attendant heavy metal
discharges into it as the major historical source of heavy metal contamination in Lake
Macquarie.  However, a similar conclusion to that made by Batley et al. (1992) for
Lake Illawarra, regarding lack of evidence of biological impact of the power stations
on biota in Lake Macquarie, cannot be drawn in this instance.  There is clear and
demonstrable evidence of ecological impact (Roberts, 1994; Hunter Public Health
Unit, 1997) which suggests that the Vales Point and Eraring power stations are
important localised contributors of selenium to the southern and south-western
portions of Lake Macquarie, and also to the associated fluvial inputs into the lake in
their vicinity.
3.8.1 Bioavailability of Selenium in Lake Macquarie Sediments
As previously noted, total concentrations of heavy metals and metalloids do not
provide a true indication of the risks posed to humans and the environment by heavy
metal contaminants in soils and sediments, as they include chemically-inert forms or
forms which are unable to be assimilated by biota (Batley, 1987).  Sequential
extraction of sediment fractions to which metals and metalloids bind was shown by
Batley (1987) to be useful for determining the proportion of the total contaminant
load available for uptake by organisms.  Sequential extraction studies of selenium
from Lake Macquarie were also conducted as part of this work and are considered in
Chapter 5.
Experiments involving sequential extraction of sediment-water slurries, using
sediments and water samples collected from Nords Wharf, Lake Macquarie and
utilising the BCR methodology have also carried out by Peters et al. (1996c) at a
range of redox potentials ranging from -450 mV to +200 mV.  Sediment and water
were mixed in a ratio of 1:7 and introduced to a sediment slurry reactor using air or
nitrogen to modify Eh.  At a starting Eh of +200 mV, over 85% of sediment-bound
selenium was present in the organic fraction, with 11% of selenium in the
exchangeable-carbonate bound fraction and a further 1.5% in the iron-manganese
oxyhydroxide fraction.  As Eh was decreased, the proportion of selenium present in
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the “non-bioavailable” organic-bound fraction increased with a corresponding
decrease in the proportion of selenium in the two “bioavailable fractions”, until at
-450 mV all of the sediment-bound selenium was present in the organic-phase.  Peters
et al. (1996c) observed that the environmental implications of such a change should
be further investigated in areas where selenium-contaminated sediments may be
exposed to fluctuations in salinity, dissolved oxygen, human activities and
bioturbation.
3.8.2 Bioturbative Effects Upon Selenium Mobility in Lake Macquarie
Bioturbation, which encompasses the feeding, burrowing, breathing and other
activities of benthic organisms, has been shown to have considerable impact on the
physical, chemical and biological status of sediments and sediment pore waters.  For
example, in Port Phillip Bay, near Melbourne, Victoria, a prawn species
(Neocallichirus limosus) has been estimated to turn over 80kt of sediment per day,
while a polychaete worm in the same bay (Phyllochatopterus socialis) is estimated to
pump 60 ML/hr of water through those same sediments (Bird, 1994).
The potential importance of bioturbation on sediments and sediment pore water in
Lake Macquarie has been recently studied by Peters et al. (1996a), who reported a
deepening of the oxidised layer of sediments (as determined by changes in sediment
Eh) in laboratory mesocosms because of bioturbation.  In this study, sediments were
collected from Nords Wharf in Lake Macquarie and were colonised separately with a
species of polychaete worm (Marphysa sanguinea) and three species of bivalvian
molluscs (Notospisula trigonella, S nguinolaria donacoides and Tellina deltoidalis)
with an animal-free blank kept.  In all four instances where the sediment contained
benthic organisms, the oxidised zone of the sediment (defined as an Eh measurement
of greater than 0 mV) was deepened by approximately one centimetre, below which
the measured redox profile was higher than in the benthos-free profiles (Figure 3.4).
Further experimentation by Peters et al. (1996a) with a reduced, selenium-spiked plug
of sediment from Lake Macquarie which was then exposed to oxidising porewater
(simulating the impact of bioturbation upon reduced lake sediments) resulted in a
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remobilisation of selenium from sediments into the porewaters under such conditions
(Figure 3.5), which is consistent with predictions from simulations of selenium
solution chemistry reported by the authors.
Subsequent experiments with different densities of M. sanguinea nd N. trigonella
(Peters et al., 1996b) measured porewater concentrations of selenium and found that
these were indeed raised in mesocosms containing animals in comparison to the
controls, as predicted by previous elution experiments with a selenium-contaminated
sediment plug.  Changes in redox status of sediments therefore, whether because of
bioturbative activity or other factors such as changes in salinity, dissolved oxygen
concentrations or anthropogenic activities, may result in selenium remobilisation from
sediment sinks into sediment pore waters, with potentially increased availability to
aquatic organisms.
Figure 3.4 Sediment Redox Potential as a Result of Bioturbation (from 
Peters et al., 1996).
-400
-300
-200
-100
0
100
200
0 5 10 15 20 25 30 35 40 45
Depth (mm)
Eh (mV)
No organisms
Tellina deltoidalis
Marphysa sanguinea
Sanguinolaria donacioides
Notospisula trigonella
122
Figure 3.5 Eluted selenium from a sediment plug (Peters et al., 1996).
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3.9 SUMMARY OF SELENIUM CONTAMINATION OF LAKE 
MACQUARIE
Elevated levels of heavy metals, including the metalloid selenium, in the sediments,
water column and biota of Lake Macquarie are directly attributable to anthropogenic
industrial discharges occurring over the past century (Batley, 1987).  A clear
southward trend showing a decrease in sediment concentrations of Zn, Cu, Pb and Cd
in surficial sediments supports inputs of heavy metals from the lead-zinc smelter at
Boolaroo in the north of the lake as the major historical source of heavy metals to the
lake (Roy and Crawford, 1984).  Sediment contamination extends in the worst cases
to approximately 50 cm depth, and sediments from Lake Macquarie are
acknowledged as amongst the most highly contaminated in the state (Batley, 1991).
Because of more stringent discharge controls on the operation of the smelter, the
more recently deposited sediments are less contaminated than those deposited
previously (Batley, 1991).
Batley (1991) observed that these less contaminated sediments would encourage the
recolonisation of sediments by seagrasses and the benthos, and the potential for
accumulation of high levels of heavy metals by these biota would be reduced,
provided the clean sediment extended for a sufficient depth to ensure that bioturbative
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or burrowing benthos were not able to come into contact with the more
contaminated, deeper sediment.  However, given that sedimentation rates calculated
by Batley (1987) were only 5.7 mm/yr for the Cockle Creek delta in Cockle Bay and
decreasing to 1.1 mm/yr in the southern reaches of the lake, it is likely to be one or
more decades before this less contaminated sediment is at a sufficient depth to
disallow bioturbative organisms access to the deeper, contaminated sediments.
Remediation of contaminated sediments, especially those in the worst sections, such
as the Cockle Bay delta,  where contaminated sediments extend to depths of 50 cm
over an area of 3 km2, ay still however need to be considered as a management tool
for the lake.  Remobilisation of metals to the overlying waters may occur from deeper
sediments contaminated with heavy metals in equilibrium with the pore waters.
Batley (1987) calculated a worst-case scenario of interstitial water concentration
reaching 20 mg/L Pb and 12 mg/g Cu.  Dredging of contaminated sediments has been
proposed (Batley, 1987; Batley 1991; Lake Macquarie City Council, 1995) as an
option for addressing this issue, and elutriate tests performed by Batley (1987)
showed negligible release of heavy metals from dredged sediment in contact with
seawater if ocean disposal was contemplated.  This raises however the question of
Australia’s obligations as a signatory under the international treaty of the London
Dumping Convention governing the dumping of materials at sea, and disposal of
contaminated sediments to landfill may be an alternate disposal route (Batley, 1991).
While the southern half of the lake has an overall lower heavy metal burden than the
northern half, localised enrichment of sediments with heavy metals has been
documented in the vicinity of Vales Point and Wangi power stations, with copper
enrichment of sediments up to three to four times background levels (Crawford t al.,
1976).  Fly ash particles escaping from the stacks of the power stations contain heavy
metals and selenium and have been identified in sediment samples in the vicinity of the
power stations (Crawford et al., 1976; Batley, 1987).
The fish studied by Roberts (1994) which were found to contain elevated tissue levels
of selenium were all obtained from the southern part of the lake, at Mannering Bay,
Dora Creek, Wyee Bay, Wangi, Seine and Myuna Bay.  Fish from Wyee Creek and
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Mannering Bay, both areas in the vicinity of the Vales Point power station, have been
found to have from five to fourteen times the NHMRC guideline concentration of
selenium, while fish from near the Eraring power station had selenium levels twice the
NHMRC limit (Lake Macquarie City Council, 1995).  At this stage, it is not possible
to draw a firm conclusion based on the available data as to the origin of selenium
contamination in these fish, as details of their lifestyles and movements within the lake
are currently unknown.  It is, however, a plausible hypothesis to suggest that selenium
contamination of fish from the vicinity of the Vales Point, Eraring and Wangi power
stations is because of selenium contamination of sediments arising from a combination
of fly-ash deposition and overflows from ash dams, and further that these bottom
feeding fishes ingest contaminated sediment whilst foraging in the bottom sediments
for food, or they eat benthic organisms containing metals.  Remediation of these
sediments - potentially by dredging - as well as those in the north of the lake, may
therefore also be warranted.
Options for addressing the issue of selenium contamination of sediments also need to
be investigated.  Bioremediation of selenium-contaminated sediments and soils in the
Kesterson Reservoir, San Joaquin Valley, CA, USA using indigenous microorganisms
has been shown to be a potentially effective remediation strategy.  The
microorganisms convert selenium present in the contaminated sediments from the VI
or IV oxidation states into volatile selenium (S (II)) which is then dispersed into the
atmosphere and diluted to extremely low concentrations (Thomson-Eagle and
Frankenberger, 1992).  Additionally, conversion of selenium from aqueous oxyanion
forms (i.e., VI or IV) to elemental Se (0) has also been shown in a pilot scale reactor
(Riadi, 1994) as a potential means of treating seleniferous waste streams, such as ash
dam overflows or smelter discharges, before they are released into the environment.
Elevated levels of heavy metals in Lake Macquarie, especially in the north, have in
recent decades been identified as a concern because of their potential environmental
impact.  More recently, selenium contamination of the sediments and biota in the lake,
and particularly in the southern areas subject to power station emissions and ash dam
discharges, has been identified as an emerging issue, with consumption of fish from
Lake Macquarie posing a potential health risk to humans.  W ile minimal information
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is currently available on the impact of selenium on birds and other wildlife that feed in
the lake, the ecological devastation wreaked by selenium teratogenicity on the avian
population of Kesterson Reservoir (Ohlendorf and Hotham, 1995) serves as a stark
reminder of the impact of uncontrolled anthropogenic redistribution of selenium.
Additional research is therefore required and justified to more fully understand the
impact of atmospheric and aqueous discharges of selenium into Lake Macquarie
arising from sources including the power stations and the lead-zinc smelter.  The
current spatial distribution of selenium in lake sediments, and the variation in selenium
concentrations with depth, are also not well understood.  Potential remediation
methods for selenium-contaminated lake sediments, including use of indigenous
micro-organisms, also need to be investigated.
126
CHAPTER 4
MATERIALS AND METHODS
4.1 STUDY AREAS AND SAMPLE SITES
4.1.1 Lake Macquarie
Lake Macquarie is an estuarine lake on the ast coast of New South Wales and is
situated approximately 85 km north of the city of Sydney, and 10 km south of the
city of Newcastle (see Figure 3.1).  The lake extends approximately 22 km in a
north-south direction with a maximum width of about 10 km, and is extremely
irregular in outline, having a foreshore of approximately 166 km comprised of a
number of embayments and promontories.  With a total area of approximately
125 km2, it is the largest estuary in NSW (Roy and Crawford, 1984).  The physical
geography, geology, hydrology, history, catchment land-use activities and ecology
of the lake, as well as the extent and nature of heavy metal contamination of the
Lake Macquarie ecosystem, has previously been considered in Chapter 3.
As noted in Section 3.1.2, the main natural fluvial inputs into the lake, accounting
for almost 70% of the catchment area, are Cockle Creek in the north, Dora Creek
in the west and Pallamanaba (Wyee) Creek in the south (WCIC, 1973; TUNRA-
DATEX, 1977), with other smaller creeks flowing only intermittently.  The Lake
Macquarie catchment occupies an area of approximately 622 km2 and consists of
the shallow depression filled by Lake Macquarie, separated from the ocean by the
entrance channel and sand-bars at Swansea and surrounded by low hills on the
remaining three sides (TUNRA-DATEX, 1977).  Sampling sites visited in the
course of this study within Lake Macquarie and associated creeks are detailed in
Figures 4.1 - 4.3.
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Figure 4.1 Location of Sampling Sites in Lake Macquarie
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4.1.2 Nords Wharf
Nords Wharf is located on the eastern side of Lake Macquarie, south of the tidal
channel at Swansea and is included in Figure 4.1 as Site 2.  The aquatic ecosystems
of the Nords Wharf area have been studied and characterised by researchers from
the University of Canberra (Scholz et al., 1995; Maher t al., 1997) and others
(Nobbs et al., 1996; Peters et al., 1996a-c), with particular emphasis being given
to heavy metals in soils and sediments, heavy metals in biota and specific studies on
selenium bioavailability from sediments and bioturbative and redox effects on
sedimentary selenium mobility.  The Nords Wharf area was sampled as part of this
128
research as it is comparatively removed from, and isolated with respect to,
anthropogenic activities occurring in the rest of the lake.
The relatively pristine Nords Wharf area has been divided by Scholz t al.(1995)
into four separate zones based on sediment characteristics as shown in Figure 4.2.
These zones are:
1. Wave Action Zone (adjacent to the western shoreline);
2. Rotting Seagrass Zone (to the west of the unnamed creek);
3. Coarse Sediment Zone (a plume of sediment arising from the mouth of the 
unnamed creek); and
4. Fine Sediment Zone (towards the centre of the embayment).
Figure 4.2 Sampling Sites and Sediment Classifications at Nords Wharf, 
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4.1.3 Wyee Creek
Wyee Creek, to the south of Lake Macquarie, was sampled as a part of this
research as a case study of the impact of discharges from the Vales Point power
station ash dam on selenium concentrations in creek sediments.  Previous research
(Davies and Linkson, 1991) had indicated the potential for selenium accumulation
in plant life in Wyee Creek, with the origin of this selenium being ash dam
discharges.  Wyee (or Pallambana) Creek, a minor freshwater input to Lake
Macquarie which discharges into Wyee Bay, is located immediately west of
Mannering Bay in the south of Lake Macquarie (see Figure 4.1).  The Wyee Creek
catchment occupies an area of approximately 27 km2 in area (ERM Mitchell
McCotter, 1995).  As seen in Figure 4.3, Mannering Bay is linked to Wyee Creek
in two places, and to Wyee Bay through the Mannering Point inlet.  South and
upstream of Mannering Bay is Mannering Lake, presently used by Vales Point
Power Station as an ash disposal dam - however, until approximately 1981, Davies
and Linkson (1991) reported that Mannering Bay proper received the entire ash-
slurry effluent from the power station.
Wyee Creek is a floodplain containing the Wyong Soil Landscape, the
characteristics of which include broad, poorly drained floodplains and alluvial flats
where slopes are generally less than 3% and the topography reaches a maximum
height of less than 10 m.  The geology consists of Quaternary sediments including
sand, gravel, silt and clay (ERM Mitchell McCotter, 1995), consistent with the
findings of Murphy (1993) who noted Quaternary alluvium buildups, comprising
unconsolidated sands, silts, clays and gravels, were present in river valleys in the
Lake Macquarie catchment.
Soils in the catchment are more than 2 m in depth and consist of duplex soils,
where there is a change in the texture between the black, acidic loam topsoil and
the waterlogged, heavy grey clay subsoil.  The Wyee Creek catchment area
receives approximately 1197 mm of average rainfall annually, with the wettest
months being January to June.  ERM Mitchell McCotter (1995) estimated that
about 50 megalitres per day of water flowed along Wyee Creek under normal
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weather conditions in 1995, of which 80% was saline water discharged from
Mannering Lake ash dam, and the remainder was natural runoff from the upstream
catchment. Since the end of 1995, Vales Point Power Station has been recycling
the ash dam water back to the power station, with the result being that the ash dam
only discharges in wet weather, or when the recycle pumping system is non-
operational (Sharrock, 1996).  The lower reaches of Wyee Creek are tidal - a tidal
water level variation was documented as 230 mm in 1994 (ERM Mitchell
McCotter, 1995).  Below the constructed Wyee Channel, the water depth of the
creek is estimated at about 2 m (ERM Mitchell McCotter, 1995).
Selenium and other contaminants are contributed to Wyee Creek, other
surrounding waterways and waterbodies, and the area around the Vales Point
power station via aqueous discharges from the power station’s ash dam and via
deposition of airborne materials escaping the stacks (Davies and Linkson, 1991).
The Vales Point Power Station was built in the 1960’s as a four unit station and
now operates two 660 MW generating units, with electricity being produced using
pulverised coal-fired burners which consume up to 3 million tonnes of coal
annually (Pacific Power, undated).
An hydraulic transport system at Vales Point is used to move ash from the power
station to the ash dam and is depicted in Figure 4.4.  Prior to 1996 water was taken
from Lake Macquarie via the cooling water inlet to be used in transporting the ash
(Sharrock, 1996).  Fly ash was pumped along a pipeline as a slurry to the ash dam,
formerly Mannering Lake (see Figure 4.3), situated about 1.5 km south of the
station.  In addition to the ash from Vales Point power station, fly ash from the
power station at nearby Lake Munmorah was also transported to Mannering Lake
ash dam, which contributes an extra load on the dam.  In Mannering Lake, the
solids settle out, with water levels being regulated by gravity flow.  During periods
of high water levels in the dam, the overflow water drained into Mannering Creek,
over Wyee Dam and into the artificial Wyee Channel which joins Wyee Creek.
The effluent then flowed approximately 7 km to Wyee Bay in Lake Macquarie.
Studies in Wyee Bay by the NSW Electricity Commission showed that the surface
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sediment in the bay comprised 20-40% fly ash; high copper concentrations have
also been found in the region (Davies and Linkson, 1991).
Figure 4.3 Sampling Sites in Wyee Creek, Lake Macquarie Catchment
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Since the end of 1995, Vales Point Power Station has adopted an operation by
which the overflow water from Mannering Lake ash dam is recycled back to the
station under normal conditions and is then mixed with the power station cooling
water and discharged to the Lake (Figure 4.4).  As previously noted, only during
wet weather periods and pump stoppages does the effluent discharge into Wyee
Creek (Sharrock, 1996).
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Figure 4.4 Hydraulic transport of fly ash at Vales Point Power Station 
since 1995
Adapted from Harston, 1995
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obtaining samples for the analysis of heavy metal content sediments.  (The
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of Applied Science.  Sediment core and overlying water samples were taken at two
sites on that trip as shown in Figure 4.1.
· Site 2 In Cragnan Bay, south of the Scout Camp at Nords Wharf in the 
southwest of the lake; and
 
· Site 5 In Cockle Bay, on the southern side at Booragul, near the boat 
launching ramp.
Subsequently, sediment cores were also collected from Sites N1 - N4 at Nords
Wharf as detailed in Section 4.1.6 below, and also from the following sites, during
the wet-weather event of January 10, 1996, with the intent of obtaining samples for
the isolation of bacterial species able to tolerate selenate and selenite (as well as for
analysis of selenium, heavy metal and total organic carbon profiles):
· Site 1 Two sediment cores were collected from the Mannering Park site 
adjacent to the Vales Point power station from wate  approximately
1.0 m deep.  Both cores were approximately 25 cm in length.
 
· Site 6 Two sediment cores were collected adjacent to the mouth of 
Cockle Creek in Cockle Bay from water 0.75 m deep.  Both cores 
were approximately 40 cm in length.
In addition, further sediment samples were collected from sites around the lake for
the identification of volatile selenium compounds produced by the organisms
(Section 4.3.8) in April 1996.  Duplicate grab samples of sediment were obtained
at Sites 1, 2, 4, and 6 as shown in Figure 4.1.  Site 4 was in water approximately
1 m deep at Myuna Bay near the Wangi and Eraring Power stations.
Further, additional sediment samples were collected on Friday 11 April 1997 to
obtain fresh cultures of naturally occurring selenium-reducing bacteria for use in
the immobilised reactor studies as detailed in Section 4.6 below.
134
Duplicate core samples were collected from each of the following sites (as shown
on Figures 4.1 and 4.3):
· Mannering Bay (Site 8, Figure 4.1);
· Wyee Creek (Site W9, Figure 4.3); and
· Cockle Bay (Site 6, Figure 4.1).
4.1.5 Sites for Collection of Sediment Samples - Lake Macquarie
Samples for analysis of sedimentary selenium concentrations and speciation were
also collected on a number of separate occasions over the course of this study.
Sediment samples for determination of selenium fractionation and bioavailability
via sequential extraction (Section 4.8) were collected from five sites within the lake
in April 1995.  Site number designations correspond to site numbers on Figure 4.1:
· Site 1 Two cores of length 8 cm and 12 cm were collected in water 
approximately 0.5 m deep adjacent to the corner of Catherine and 
Griffith Streets, Mannering Park, in the direct vicinity of the Vales 
Point coal-fired power station.
 
· Site 2 Two Cores of length 12 cm and 16 cm were collected in water 
approximately 1.0 m deep at Nords Wharf, Cragnan Bay (also 
shown on Figure 4.2 as site 2), south of the Scout Camp.
 
· Site 3 Two Cores of length 8 cm and 9 cm were collect d from 
compacted, sandy sediments in water approximately 0.5 m deep 
adjacent to the southern end of Bennet Park, Dilkera Ave, in the 
suburb of Valentine.
 
· Site 5 Two Cores of length 18 cm and 19 cm were collected in water 
approximately 1.0 m deep from the southern side of Cockle Bay 
in the suburb of Booragul, , opposite the mouth of Cockle Creek 
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into which discharges from the lead-zinc smelter at Boolaroo are 
released.
 
· Site 7 Two Cores of length 16 cm and 19 cm were collected in water 
approximately 0.5m deep at Fennel Bay on the western side of the 
point in the suburb of Blackalls Park.
Separately, two sediment core samples of approximately 25 cm length were
collected from Site 1, Mannering Park, near the Vales Point power station, on
November 22, 1995 in water of approximately 1 m depth.  These cores were
obtained to validate sample preparation procedures (Section 4.7.4) and to study
reduction of selenium by mixed cultures of bacteria (Section 4.5.3).
Subsequently, sediment cores were also collected for analysis of selenium, heavy
metal and total organic carbon profiles (and for isolation of bacterial species able to
tolerate selenate and selenite), from sites N1 - N4 from Nords Wharf (Section
4.1.6 below) and from the following sites elsewhere in the lake, during the wet-
weather event of January 10, 1996:
· Site 1 Two sediment cores were collected from the Mannering Park site 
adjacent to the Vales Point power station from water approximately
1.0 m deep.  Both cores were approximately 25 cm in length.
 
· Site 6 Two sediment cores were collected adjacent to the mouth of 
Cockle Creek in Cockle Bay from water 0.75 m deep.  Both cores 
were approximately 40 cm in length.
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4.1.6 Sites for Collection of Sediment Samples - Nords Wharf Study Area
Four pairs of sediment cores were collected from the area near Nords Wharf,
Cragnan Bay as depicted in Figure 4.2 during a wet weather event on January 10,
1996:
· Site N1 Two sediment cores were collected in the wave action zone (Zone 
4) of the Nords Wharf study area at a depth of approximately 0.5 
m. The cores were approximately 30 cm and 35 cm in length.
 
· Site N2 Two sediment cores were collected in the coarse sediment 
zone (Zone 3) of the Nords Wharf study area at a depth of
approximately 1.0 m. Both cores were approximately 35 cm in 
length.
 
· Site N3 Two sediment cores were collected in the fine sediment plume
zone (Zone 2) of the Nords Wharf study area at a depth of
approximately 1.0 m. Both cores were approxim tely 35 cm in
length.
 
· Site N4 Two sediment cores were collected in the decaying seagrass zone 
(Zone 1) of the Nords Wharf study area at a depth of approximately
0.5 m.  The cores were approximately 30 cm and 35   i  length.
4.1.7 Sites for Sediment Sample Collection - Wyee Creek
Ten sites in Wyee Creek were sampled during and following periods of dry
weather on March 26 and April 2, 1996 as shown in Figure 4.3.  These sites were
chosen on the basis of approximately equal distance along the length of Wyee
Creek to Wyee Bay. Two cores were taken at each site.  Sampling sites within
Wyee Creek were:
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· Site W1 was located under Old Main Road, approximately 3 km upstream from
the junction of Wyee Creek and the artificial Wyee Channel.  Two cores were
taken to a sediment depth of 10 cm due to the impenetrability of the underlying
material and consisted of sand and white clay.
 
· Site W2 was located at the spillway in Wyee Channel.  Two cores were taken
penetrating sand and fine silty clay to depths of 20 cm.
· Site W3 was located at the junction of Wyee Creek with Wyee Channel.  Two
cores were taken penetrating sand and fine clay to depths of 20 cm.
 
· Site W4 was located at the end of the artificial, shallow Wyee Channel.  Cores
were taken on the edge of the creek rather than in the centre.  Two cores were
taken penetrating dark fine mud to depths of 40-45 cm.
 
· Site W5, Site W6, Site W7 and Site W8 were located a further 750 m, 1.6 km,
2.25 km and 3 km respectively downstream from S4.  Two cores at each site
were taken, penetrating dark fine mud to depths of 20 cm.
 
· Site W9 was located at the inlet of Mannering Bay to Wyee Creek.  Two cores
were taken, penetrating fine black mud to depths of 20 cm.
 
· Site W10 was located by Rutleys Road overpass of Wyee Creek.  Two cores
were taken, penetrating fine black mud to depths of 20 cm.
4.1.8 Sites for Collection of Water Samples
Water samples were also collected for analysis from the following sites (see Figure
4.1 and Figure 4.2) during the wet-weather event of January 10, 1996:
Site N1 Two water samples were collected in the wave action zone
(Zone 4) of the Nords Wharf study area at a depth of approximately
0.5 m.
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Site N2 Two water samples were collected in the coarse sediment zone
(Zone 3) of the Nords Wharf study area at a water depth of 
approximately 1.0 m.
Site N3 Two water samples were collected in the fine sediment plume zone 
(Zone 2) of the Nords Wharf study area at a water depth of 
approximately 1.0 m.
Site N4 Two water samples were coll cted in the decaying seagrass zone 
(Zone 1) of the Nords Wharf study area at a depth of approximately
0.5 m.
Site 1 Two water samples were collected from the Mannering Park site 
(Figure 4.1) from water approximately 1.0 m deep.
Site 6 Two water samples were collected adjacent to the mouth of Cockle 
Creek in Cockle Bay (Figure 4.1) from water 0.75 m deep.
4.2 SAMPLE COLLECTION
4.2.1 Collection of Samples for Bacterial Isolation
Collection of sediment samples for bacterial isolation typically occurred in
conjunction with collection of sediment cores for analysis of sediment metal and
metalloid concentration and speciation.  Sediment collection procedures are
detailed below in Section 4.2.2.  In specific instances as detailed in Section 4.1 and
where analysis of sediment was not required or only surficial sediment was
required, bacterial samples were not taken by the sediment corer but by hand
insertion of acid-washed polycarbonate sample containers (250 mL, Technoplas,
NSW), which were then stored on ice and transported to the laboratory as per
sediment cores (Section 4.2.2 below).
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4.2.2 Collection of Sediment Samples
Sediment cores were collected from Lake Macquarie using a sediment-core
sampler (Figure 4.5).  For the initial sampling trip in 1994, the corer used was that
as constructed by the Department of Geology, University of Sydney.  For all
subsequent sampling expeditions, a similar corer was used, based on this design but
manufactured in the Department of Chemical Engineering, University of Sydney.
Sediment samples were collected in water depths as detailed in Section 4.1.  In
deeper parts of Lake Macquarie and Wyee Creek, extension poles were mounted
on the corer to enable collection of sediments at depths up to 2-3 metres.
The sediment corer comprised a valve housing at the bottom end onto which the
individual polycarbonate corer tubes attached by means of two brass screws.  O-
rings and the pressure from the screws ensured that a good seal was achieved
between the sample tube and its attachment point beneath the valve housing.  Two
holes in the upper part of the valve housing allowed for water to escape via the
open valve as the corer tube was plunged through the water column into the
sediment.  Once the tube had reached the maximum depth of entry into the
sediments, determined either by sediment reaching the valve housing at the upper
end of the corer tube, or by encountering impenetrable substrate material in the
sediment, the valve was closed from the surface via the attached length of rope and
the corer was pulled up out of the sediment and back to the surface, maintained in
as near vertical a position as possible at all times.  At the surface, a tight fitting
acid-washed polyethylene end-cap was inserted over the open end of the tube as
quickly as possible to minimise exposure to oxygen; the valve was then opened, the
screws removed, and a second end-cap placed over the upper end of the corer
tube.
Acid-washed polycarbonate tubes of length either 0.5 or 1.0 m lengths and of 51
mm inside diameter were used for the collection of the majority of samples,
although some sediment samples were collected with hand corers, which were
simply lengths of polycarbonate tubing identical to those mounted on the corer, or
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with polycarbonate sample containers inserted directly into the sediments.  Where
either type of hand corer was used, these were dug out of the sediments with a
shovel to maintain the structural integrity of the core and to retain the sample in the
corer.  Again, polyehtylene caps were affixed as quickly as possible to minimise
exposure to oxygen.
Once capped, sediment cores were stored on ice at approximately 4 °C for no
more than 12 hours before being returned to the laboratory, where they were then
transferred to refrigerators and stored upright at 4 °C.
4.2.3 Collection of Water Samples
Water samples were collected in water depths from the lake as detailed in Section
4.1.  Duplicate samples were collected from each site using acid-washed
polycarbonate sample containers (250 mL, Technoplas, NSW) which were
uncapped underwater at the appropriate depth, allowed to fill with the sample, then
capped, returned to the surface and stored on ice at approximately 4 °C pr or o
return to the laboratory.  Upon return to the laboratory, water samples were stored
in a refrigerator at 4 °C for a maximum of 18 hours before further analysis.
Water samples were filtered through a 0.45 µm membrane filter (Millipore,
Sydney) using a bottle-top filter unit (Nalgene, USA) under positive air pressure
using laboratory air filtered through a 0.22 µm filter.  The pH of filtered samples
was determined by a pH meter (Hanna, Australia) prior to acidification of the
samples to pH <2 with 1M HNO3.  Samples were subsequently refrigerated at
approximately 4 °C prior to being analysed for dissolved Se(IV) without
preconversion by HGAAS (Section 4.8).
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Figure 4.5 Sediment Core Sampler
sedimentwatervalve
Reproduced from Mitchell, 1997, with permission.
4.3 SAMPLING DESIGN
4.3.1 Considerations for Bacterial Studies
As detailed in Chapter 1, the overall aim of this research program was to
investigate the null hypothesis H0 which stated that “the oxidation state(s) of
selenium in sediments from Lake Macquarie, NSW, are independent of microbial
activity; alternatively that micro-organisms do not change the oxidation state of
selenium in sediments within Lake Macquarie, NSW.”
Two subsidiary null hypotheses were to be investigated as part of the overall null
hypothesis H0, relating to the ability of micro-organisms from the lake to reduce
Se(VI) to lower oxidation states (H01) and Se(IV) to lower oxidation states (H02).
The acceptance or rejection of the overall and two subsidiary null hypotheses
therefore can be made on the basis of quantitative data and not requiring statistical
analysis, as the null hypotheses do not specify the degree to which these organisms
are able to reduce selenium in its Se(VI) and Se(IV) oxidation states to lower
oxidation states, nor do they seek to differentiate between the ability of mixed
cultures and individual isolates to effect these reductions based on their geographic
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distribution within the lake.  This differentiation is made in this work as detailed in
Chapter 5, and in Chapter 6 in relation to the work of other researchers
investigating other organisms and other regions worldwide, but on the basis of the
ability of individual isolates and mixed cultures to effect selenium reduction
without concern for their geographic origin within the lake.
4.3.2 Considerations for Sediment Studies
As noted in Chapter 1, the two subsidiary null hypotheses H01 and H02 are
concerned respectively with the reduction of the mobile selenium oxyanion species
selenite and selenate to lower oxidation states in Lake Macquarie sediments.  In
obtaining data to accept or reject the null hypothesis H0, analy i  and quantification
of the oxidation state of selenium in Lake Macquarie sediments was required.  As
considered in Section 1.2, one of the three research objectives to obtain data to
allow the acceptance or rejection of  the overall and subsidiary null hypotheses
above was the determination of selenium oxidation states in sediment samples.  As
detailed previously in Section 4.1, sediment samples from throughout Lake
Macquarie and its associated fluvial inputs were collected throughout the course of
this work to provide samples for analysis of selenium oxidation states.
Concentrations, speciation, sediment core profiles and geochemical phase
association of selenium in Lake Macquarie sediments were determined on these
samples as detailed in Sections 4.7 - 4.10.  Associated with these analyses,
concentrations and core profiles for selected heavy metals of commercial and
environmental importance, and organic carbon, to allow comparison with previous
research and provide data to support findings on selenium concentrations, were
also determined.
Sites for the collection of these sediment samples were not chosen randomly but
were chosen based on the work of previous researchers (Roy and Crawford, 1984;
Batley, 1987) so as to facilitate comparison of data obtained from this work with
that of these previous researchers.  Roy and Crawford (1984), in their initial
studies of heavy metal contamination of selenium in Lake Macquarie in the mid
1970’s, sampled extensively throughout the lake using a grid system with several
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hundred sample co-ordinates.  This approach was beyond the scope of this
research and considered unnecessary to address the null hypotheses proposed for
this research.
4.3.3 Quality Assurance Program
In the research presented here, the key consideration in terms of quality assurance
is sediment digestion recovery efficiency (see Section 4.7.5).  Incomplete recovery
of the analyte being investigated would result in an underestimation of the
concentration of that analyte, while recoveries in excess of 100% due to
contamination of reagents or glassware with the analyte of interest, would
conversely lead to an overestimation of the concentration of analyte in question. In
either instance, this would have a direct impact on the accuracy of the overall
analytical procedure.  Given the wide range of digestion procedures for
environmental samples detailed in the literature (see Section 4.7.5), and the
possibility of loss of Se from the sample during digestion due to volatilisation
(Cutter, 1985), it is imperative that the ability of a chosen digestion procedure to
extract selenium from an environmental sample, and the recovery efficiency of the
digestion, be quantified.
Standard Reference Materials (SRMs) were used in this research to determine the
recovery efficiency of the sediment digestion procedures employed here.  SRMs
are materials certified to contain a known concentration range of a number of
analytes.  The concentration of these analytes is expressed as a range, as they are
determined by consensus amongst a number of laboratories typically using different
analytical techniques.  A SRM similar to the matrix to be studied and containing a
known concentration of selenium should be chosen and subjected to the proposed
digestion procedure to quantify selenium  recovery.
Here, Buffalo River Sediment (2704, NIST, USA) and Marine Sediment (PACS-1,
NRC-CNRC, Canada) standard reference materials (SRMs) were utilised
throughout this work for quality assurance purposes.
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4.4 ISOLATION AND IDENTIFICATION OF BACTERIA
4.4.1 Sample Collection, Processing and Storage for Bacterial Identification
Samples for the isolation of bacterial species were collected on July 15 1994 from
the sites in Cragnan Bay (2 cores - Site 2 on Figure 4.1) and Cockle Bay (3 cores -
Site 5 on Figure 4.1) using a pole-mounted sediment corer (constructed in the
Department of Geology, University of Sydney - see Figure 4.5) and using acid-
washed polycarbonate tubes (length 0.5 m, 51 mm inside diameter).  Samples were
taken at a water depth of approximately 2 m.  Upon return to the surface,
approximately 10-20 cm of the water column atop the sediment core and adjacent
to the sediment-water interface was poured off into a 250 mL cid-washed
polycarbonate sample containers (Bacto Laboratories, Liverpool, Australia) and
capped.  Cores were then immediately extruded from the corer tubes by gravity
and sectioned in air (maximum duration of exposure to air was approximately 30
minutes) at approximately 1 cm intervals for the first 10 cm, and then at 5 cm
intervals for the remainder of the core, although this varied where necessary to
ensure that visible changes in sediment composition constituted the division
between sections and not an arbitrarily-imposed division based on length.  Sections
were also placed in 250 mL acid-washed polycarbonate sample containers and
capped.  Both sections and water samples were placed on ice in an esky for field
storage and transportation, and were stored in a refrigerator at 4 °C upon eturn to
the laboratory.  A maximum of ten hours elapsed between collection of the samples
and the return of the samples to the laboratory.
In addition, further sediment samples were collected from sites around the lake for
the identification of volatile selenium compounds produced by the organisms
(Section 4.5.7) in April 1996.  Duplicate grab samples of sediment were obtained
at sites as detailed in Section 4.1.4 following the procedures detailed above.
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Further, additional sediment samples were collected on Friday 11 April 1997 to
obtain fresh cultures of naturally occurring selenium-reducing bacteria for use in
the immobilised reactor studies as detailed in Section 4.6 below.  Duplicate core
samples were collected from sites as detailed in Section 4.1.4 following the
procedures detailed above.
4.4.2 Isolation of Bacterial Species
Isolation of bacteria from sediment and water samples obtained from the sampling
trip on July 15, 1994 was commenced within five days of the samples being
returned to the laboratory.  Samples were stored in their original sample containers
in a commercial, domestic refrigerator at 4 °C un il required.  Sediment samples
used for the isolation of bacteria were the samples Core 2, Depth 2-3 cm, and Core
2, Depth 10-15 cm from Nords Wharf, Cragnan Bay (Site 2 on Figure 4.1) and
samples Core 2, Depth 2-3 cm, and Core 3, Depth 20-25 cm from Cockle Bay
(Site 5 on Figure 4.1).  Water samples from above Core 1 (Cragnan Bay) and
above Core 2 (Cockle Bay) were also used for the isolation of microorganisms.
A serial dilution method was used to reduce the number of organisms in a given
quantity of diluent to a level where individual colonies would be apparent when
plated-out.  A sterile 0.9 % saline solution, made from NaCl (AnalaR, BDH,
Victoria) dissolved in deionised water (LiquiPure) and autoclaved at 121 °C for 15
minutes (Qualtex, Sydney) was used as the diluent.  10 mL of diluent was then
distributed into each of four sterile test tubes.
For the sediment samples, 1 g of sediment was added aseptically to the first serial
dilution tube containing 10 mL of the 0.9 % saline diluent using an sterile spoon.
For the water samples, 1 mL of sample was added aseptically to the first serial
dilution tube using a sterile pipette tip and piston pipette (Gilson, France).  The
tube was swirled using a vortex mixer to ensure a homogenous mixture.
Subsequently, and for both sediment and water samples, 1 mL of solution was
transferred aseptically to the second serial dilution tube using a sterile pipette tip.
This tube was swirled, and 1 mL of this solution was transferred aseptically to the
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third serial dilution tube.  Finally, 1 mL of this solution was transferred aseptically
to the fourth serial dilution tube.  The final dilution from the original sediment or
water samples was then 1:1,000.
100 mL aliquots of sample from the fourth serial dilution tubes were then plated
aseptically onto nutrient agar in plastic petri dishes containing separately 200 mg/L
of selenate and selenite.  The nutrient agar was prepared in the ratio of  13 g
nutrient broth powder, (CM12, Oxoid, Melbourne), 15 g agar-agar added to 999
mL of deionised water (Liquipure) in a 1 L glass bottle (Schott, Germany).  The
agar was sterilised by autoclaving at 121 °C for 15 minutes in an autoclave
(Qualtex, Sydney).
Se(VI) stock solution was prepared by adding 4.8 mg of Na2SeO4 (AnalaR, BDH,
VIC) to 10 mL of deionised water.  1 mL of this stock solution was transferred to
the media bottle via a sterile single-use syringe (Terumo, Tokyo, Japan) and
filtered through a 0.22 µm membrane filter (Millex-GS, Millipore, Sydney).
Se(IV) stock solution was prepared by adding 4.4 mg of Na2SeO3 (AnalaR, BDH,
VIC) to 10 mL of deionised water.  1 mL of this stock solution was transferred to
the media bottle via a sterile single-use syringe (Terumo, Tokyo, Japan) and
filtered through a 0.22 µm membrane filter (Millex-GS, Millipore, Sydney).
The dosed media were poured into petri-dishes in a laminar flow hood (Oliphant,
Adelaide) and under aseptic conditions.  Petri dishes were incubated in a laboratory
oven for 5 days at 28 °C.  After 5 days, petri dishes were removed and inspected
for growth.  Distinct colonies were picked with a sterile loop and transferred
aseptically to new petri dishes containing nutrient agar media dosed separately with
Se(VI) and Se(IV) at a concentration of 200 mg/l.  The petri dishes were again
incubated in a laboratory oven at 28 °C for 5 days.  After the second period of
incubation, petri dishes were again removed from the oven and inspected for
growth.  Individual, distinct colonies, potentially representing different species,
were identified visually, picked out with a sterile loop and plated aseptically onto
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new petri dishes containing sterilised nutrient agar media dosed separately with
Se(VI) and Se(IV) at a concentration of 200 mg/l.  These were again incubated in a
laboratory oven at 28 °C for 5 days.  The procedure was not repeated again as
upon visual examination each petri dish was observed to be growing a single
species as evidenced by the structure and formation of colonies on the agar
surface.
Organisms were then grown in sterilised nutrient broth media (CM12, Oxoid,
Melbourne) which was not dosed with selenium, to ensure that no contaminating
organisms were present which were inhibited but not deactivated by selenium.
Finally, organisms in the nutrient broth were plated onto sterile petri dishes
containing nutrient agar (CM3, Oxoid, Melbourne) separately dosed with Se(VI)
and Se(IV) at levels of 4 and 14 mg/kg (representing maximum and minimum
selenium levels previously found in contaminated surficial sediments of Lake
Macquarie by Batley (1987)), and were incubated for 5 days in the laboratory oven
at 28 °C.
4.4.3 Identification of Bacterial Isolates
Identification of the bacterial isolates found to be capable of reducing selenite to
elemental selenium was performed to genus and species level by the NSW
Department of Agriculture Biological and Chemical Research Institute (Bradley,
1994) via GC fatty acid analysis against the MIDI Microbial Identification System
(MIS) (HP 5898a, Hewlett-Packard Company, Avondale, PA., USA) Trytophan
Soy Base Agar (TSBA) Library Version 3.8.
A similarity index was determined for each isolate for each library match, and
indicated how closely the comparison of an isolate compared with the fatty acid
composition of the library matches.  A similarity index of 0.6 to 1.0 is an excellent
match, with 1.0 being the highest possible.  A MIS identification giving only one
match with a similarity index of greater than 0.5 has a strong likelihood of being
correct, while single-matched identifications with similarities of less than 0.3 may
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indicate an organism not in the library, but related to the MIS match.  Organisms
having similar fatty acid compositions may have a library search resulting in
matches all with similarities greater than 0.5 (Anonymous, 1987).  No match with
the TSBA library database may also occur.  This does not necessarily mean that the
organism returning a “no match” result is a new species, as the organism may have
already been isolated and identified but details of its fatty acid composition not
entered into the database.
4.5 MICROBIAL GROWTH STUDIES
4.5.1 Selenite Reduction by Individual Bacteril Isolates
The quantitative growth of the selenium-tolerant bacteria previously isolated from
sediments and waters from Lake Macquarie (Section 4.3) was examined in media
containing 100 mg/L, 10 mg/L and 1 mg/L selenium as selenite (Se(IV)).  A semi-
defined nutrient broth (CM12, Oxoid, Melbourne) was used as a growth media for
the study of these organisms and was prepared according to the manufacturer’s
instructions (13 g per 1 L deionised (LiquiPure) water).  Aliquots of nutrient broth
of 175 mL volume were dispensed into 250 mL polycarbonate Erlenmeyer flasks
(Nalgene, New York, USA) and autoclaved in a Qualtex autoclave (Andrew Thom
Ltd., Australia) at 121 °C for a minimum of 15 minutes.  Selenium stock solution
(1,850 mg/L) was prepared from sodium selenite (Na2SeO3, GPR Grade, BDH,
VIC) with the addition of 1 mL of 70% nitric acid (HNO3, AnalaR, BDH, VIC) as
a stabilising agent.  Selenium stock solution was added to broth solutions at a
dosage of 10 mL, 1 mL and 0.1 mL to give solution concentrations of 100 mg/L,
10 mg/L and 1 mg/L selenite respectively, with flasks containing 10 mg/L and 1
mg/L selenium being made to 185 mL with sterile, deionised water.  Selenium as
selenite was added to all flasks under aseptic conditions, and delivered by a sterile,
single-use 10 mL syringe (Terumo, Tokyo, Japan) through a 0.22 µm membrane
filter (Millex-GS, Millipore, Sydney).
For each of the three selenite concentrations, separate flasks were inoculated with
sterile loopfuls of each of the seven bacterial isolates obtained from the isolation
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studies (Table 5.1, Section 5.1.1).  Flasks were incubated in a reciprocating shaker
water bath (Model RW1812, Paton Industries, South Australia) at 27 °C and at a
shaker speed of 80 oscillations per minute (opm).  Incubation time varied with
selenite concentration - isolates in 100 mg/L selenite were studied for a maximum
of 100 hours, those in 10 mg/L selenite for a maximum of 75 hours, and those in 1
mg/L selenium for a maximum of 35 hours.  Experimental time frames were limited
as speed of selenite reduction was considered an essential quality in the potential
suitability of these organisms for use in any bioremediation processes.
Controls used here contained organisms and broth but no selenium, as well as
selenite-only controls, which were used at each of the three concentrations
evaluated to determine whether broth components catalysed reduction of selenite
in the absence of microbial activity.  A selenium-only control with no organisms
was also included to evaluate adsorption of selenium to the wall of the
polycarbonate culture flask.  Gamma-irradiated, sterile, non-acid washed sample
containers were used in some of these experimental runs to store sample filtrates.
To determine whether selenium was contributed to the broth by these containers,
sterile broth was added to six of these containers under aseptic conditions.  The
containers were then stored in the refrigerator at 4 °C f r 7 days, following which
they were analysed for selenium as detailed in Section 4.8.
Cultures were sampled at least daily for cell-mass determination and analysis of
selenium concentration and speciation in the nutrient broth.  10 mL samples were
obtained under aseptic conditions using a pipette (Pipetman 5000, Gilson, Villiers
le Bel, France) with autoclave sterilised pipette tips.  The broth sample was filtered
through a 0.45 µm membrane filter (Supor-450 Gelman Sciences, Michigan, USA)
under positive air pressure using a bottle-top filter unit (Nalgene, New York, USA)
into an acid-washed 70 mL polycarbonate sample container, with the filtrate to be
analysed for selenium.  The membrane filter was thence washed with 20 mL of
deionised water (LiquiPure) to remove residual broth, and dried in a laboratory
oven at 80 °C for 1 hour.  The dry-weight mass of bacteria retained on the filter
was determined as the difference against the mass of the unused membrane filter.
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However, this mass was corrected for the mass of a red precipitate formed in the
flasks and trapped on the membrane filter so as to include only microbial biomass
in these calculations.  To correct the mass value for this included elemental
selenium, it was assumed that all selenium unaccounted for in the sample broth
upon sample analysis had been converted to the red precipitate, shown previously
in similar studies by X-ray diffraction (Riadi, 1994) to be elemental selenium.  The
mass of cells retained on the membrane filter was then calculated as the difference
between the total mass of the sample and the mass of elemental selenium
precipitate.
The method of Fio and Fujii (1990) was used to convert Se in samples to the IV
oxidation state, and hydride generation atomic absorption spectroscopy using a
SpectrAA 20 system (Varian, Melbourne) was used to determine selenium levels
and species in the samples (Section 4.8).
4.5.2 Selenate Reduction by Individual Bacterial Isolates
In addition to studying the quantitative growth of selenium-tolerant bacteria
previously isolated from sediments and waters from Lake Macquarie in media
containing selenium as selenite (Se(IV)), growth in media containing selenate
(Se(VI)) was also studied.  Due to the observed, qualitative ability of the isolates
to tolerate higher levels of selenate than selenite (see Chapter 5 for details), a
media concentration of 100 mg/L selenium as selenate (only) was used for this
study.  Again, a semi-defined nutrient broth (CM12, Oxoid, Melbourne) was used
as a growth media for the study of these organisms and was prepared according to
the manufacturer’s instructions (13 g per 1 L deionised (LiquiPure) water).
Aliquots of nutrient broth of 175 mL volume were dispensed into 250 mL
polycarbonate Erlenmeyer flasks (Nalgene, New York, USA) and autoclaved in a
Qualtex autoclave (Andrew Thom Ltd., Australia) at 121 °C for a minimum of 15
minutes.  Selenium stock solution (1,850 mg/L) was prepared from sodium
selenate (Na2SeO4×10H2O, AnalaR Grade, BDH, VIC) with the addition of 1 mL
of 70% nitric acid (HNO3, AnalaR, BDH, VIC).  Selenium stock solution was
added to broth solutions at the rate of 10 mL per 175 mL flask to give a solution
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concentration of 100 mg/L.  Selenium as selenate was added to all flasks under
aseptic conditions, and delivered by a sterile, single-use 10 mL syringe (Terumo,
Tokyo, Japan) through a 0.22 µm membrane filter (Millex-GS, Millipore, Sydney).
Flasks were inoculated with sterile loopfuls of each of the seven bacterial isolates
obtained from the isolation studies (Table 5.1, Section 5.1.1).  One isolate (Isolate
6 - Cellulomonas sp./Bacillus p.) failed to grow initially and upon the subsequent
inoculation, and was not further investigated in this part of the study.  Flasks were
incubated in a reciprocating shaker water bath (Model RW1812, Paton Industries,
South Australia) at 27 °C and at a shaker speed of 80 opm.  Incubation time varied
from that used in the selenite studies, with the incubation period lasting up to 8
days.  Controls contained organisms and broth but no selenium, to determine
whether growth was inhibited.
Cultures were sampled approximately daily for cell-mass determination, and
analysis of selenium concentration and speciation in the nutrient broth.  5 mL
samples were obtained under aseptic conditions using a pipette (Pipetman 5000,
Gilson, Villiers le Bel, France) with autoclave sterilised pipette tips.  The broth
sample was filtered through a 0.45 µm membrane filter (Supor-450 Gelman
Sciences, Michigan, USA) under positive air pressure using a bottle-top filter unit
(Nalgene, New York, USA) into an acid-washed 70 mL polycarbonate sample
container, with the filtrate to be analysed for selenium.  The membrane filter was
thence washed with 20 mL of deionised water (LiquiPure) to remove residual
broth, and dried in a laboratory oven at 60 °C for 1 hour.  The dry-weight mass of
bacteria retained on the filter was determined as the difference against the mass of
the unused membrane filter.  No mass corrections were required, unlike with
selenite, as no red precipitate formed in the flasks.
Again, samples were then analysed for selenium as detailed in Section 4.8.
4.5.3 Selenium Reduction by Mixed Bacterial Cultures on Nutrient Media
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Subsamples from sediments obtained from the sampling trip which occurred during
the wet weather event of January 1996 were used to study reduction of selenium
by mixed sedimentary microbial populations, as distinct from selenium reduction by
individual isolates as previously described (Sections 4.4.1, 4.4.2).  Two separate
studies were conducted: plate counts of total (aerobic) microbial numbers in the
sediments as well as numbers of aerobic organisms able to tolerate 10 mg/kg
selenium; and growth studies of mixed cultures to demonstrate and quantify
selenium reduction abilities within the sedimentary microbial populations.
Mixed cultures were examined from the top 5 cm of sediment from all six sites
sampled during the sampling event, and down the entire length of the core for
samples obtained from the Vales Point/Mannering Point site in the south of the
lake.  To determine whether selenate and selenite reduction was occurring within
these mixed sedimentary populations of microorganisms, exactly 1 g of sediment
was removed from each sediment sample (which had previously been set aside for
subsequent microbial analysis when the cores were being sectioned) under aseptic
conditions and under flame using a sterile, acid-washed plastic spoon. The
sediment sample was then added to 10 mL of 0.9% w/v sterile saline diluent
(prepared as per Section 4.3.2) and mixed using a vortex mixer to obtain a
homogeneous mixture at a 1:10 dilution of the original sediment.  Follow ng this, 1
mL of the sediment/saline slurry was extracted using a sterile pipette tip and piston
pipette (Pipetman 5000, Gilson, Villiers le Bel, France) and transferred under flame
to another sterile test tube containing 9 mL of saline diluent, and mixed in a vortex-
mixer to give a 1:100 dilution sediment/diluent solution.  This was repeated to give
a 1:1,000 dilution and again to give a 1:10,000 dilution.  Petri dishes for receiving
the diluent were prepared from nutrient agar (28 g/L (CM12, Oxoid, Melbourne),
made to volume with deionised water, autoclaved at 121 °C for 5 minutes
(Qualtex, Andrew Thom Pty Ltd., Sydney) and poured into sterile petri dishes in a
laminar flow hood (Clyde-APAC, Australia).  10 mg/L selenium as selenate or
selenite was added aseptically to the agar as it cooled and prior to pouring, so as to
eliminate any change in selenium oxidation state due to exposure to high
temperature and pressure in the autoclave. Selenium was prepared from 1,000
mg/L stock solutions prepared as per Section 4.3.2).  0.4 mL of the 1:10,000
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solution was then spread across the agar surface using a sterile glass spreader.
Plates were then incubated at 28 °C for 72 hours, after which time they were
removed and colony forming units occurring on each plate were manually counted.
To quantify selenium reduction abilities within the sedimentary microbial
populations, 1 mL of solution from the 1:10 sediment/saline slurry for each site and
depth studied was added to a 250 mL polycarbonate Erlenmeyer flask (Nalgene,
USA) containing nutrient broth (CM12, Oxoid, Melbourne) made up with
deionised water according to the manufacturer’s instructions.  Flasks were then
incubated in a static laboratory incubator at 28 °C for a period of 2 weeks.  At the
end of this period flasks were removed from the incubator and stored in a
refrigerator at 4 °C until being analysed for selenium as detailed in Section 4.8.
4.5.4 Minimum Inhibition Concentrations of Selenium for Mixed Cultures
Minimum Inhibitory Concentrations (MICs) for selenate and selenite were
determined for bacteria isolated from sediment cores taken from Lake Macquarie
on January 10, 1996 as described in Section 4.1.  In determining MICs, a series of
culture tubes is typically prepared, each of whi  contains a different concentration
of the agent which may inhibit microbial growth (which is selenium in this
instance).  All of the tubes are then inoculated with the organism(s) to be studied.
Tubes in which growth does not occur, as measured visually by a lack of visible
turbidity, represent the MIC for the agent (Brock and Madigan, 1991).  Brock and
Madigan (1991) noted that MIC is not an absolute constant and that it may vary
with the nature of the organism being studied, the inoculum size, composition of
the culture media, incubation time, and the specific conditions of incubation, such
as pH, temperature and aeration.  Where all conditions are standardised, then the
activity of a single agent to a variety of organisms can be determined.
In this investigation, the method as described by Brock and Madigan and as applied
to selenium-tolerant bacteria by Riadi (1994) was used to determine the MICs for
mixed cultures of bacteria isolated from Lake Macquarie.  Selenium concentrations
of 0, 1, 10, 100, 500 and 1,000 mg/kg selenium (as selenate and selenite) were
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studied (see Table 4.1).  Freshly prepared selenate and selenite standards, both of
1,000 and 10,0 0 mg/kg selenium, were used.  1,000 mg/kg selenate standards
were prepared by weighing out 1.1686 g of Na2SeO4×10H2O (GPR, BDH,
Australia) in 250 mL of deionised water (Liquipure) in a volumetric flask acidified
to pH <2 with 2 mL of 70%w/v HNO3 (AnalaR, BDH, Australia).  10,000 mg/kg
selenate standards were prepared similarly, weighing out 4.6744 g Na2SeO4×10H2O
into a 100 mL volumetric flask, again making to volume with deionised water and
acidifying to pH <2.  Selenite standards were prepared correspondingly: 0.4084 g
of Na2SeO3 was used to prepare the 1,000 mg/kg standard whilst 1.6336 g
Na2SeO3 was used to prepare the 10,000 mg/kg standard.  Nutrient broth (Oxoid
CM12, Oxoid, VIC) was prepared according to the manufacturer’s instructions (at
13 g of broth powder per litre of deionised water) and then autoclaved (Qualtex,
Andrew Thom Pty Ltd., Australia) at 121 °C for 15 minutes.  Upon cooling,
between 9.0 and 10.0 mLs of broth was transferred aseptically to sterile 25 mm
diameter glass test tubes according to Table 4.1 below, together with the
appropriate quantity of selenium solution, which was also dispensed under aseptic
conditions via a sterile single-use syringe (Terumo, Tokyo, Japan) and a 0.22 µm
membrane filter (Millex-GS, Millipore, Sydney).  Tubes were each inoculated with
200 ml of organisms and broth from a nutrient broth culture containing the
organisms which had been swirled on a vortex mixer to ensure homogeneity, using
a piston pipette (Pipetman, Gilson, France) and sterile pipette tip.  Organisms
capable of tolerating selenate (as established by the method of Section 4.4.2) were
only inoculated into tubes containing selenate, whilst organisms capable of
tolerating selenite (see Section 4.4.1) were only inoculated into tubes containing
selenite.  Details of isolates used for determining MICs are shown in Table 5.4 in
Chapter 5.  Cultures were then incubated in a laboratory incubator at 28 °C for 5
days.  After this time, cultures were assessed visually for turbidity and the results
recorded as either “growth” or “no growth” (see Section 5.1.5) by comparison
with a 0 mg/kg control to which no inoculum had been added.
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Table 4.1 Media and Selenium Volumes for MIC Experiments
Concentration
(mg/L)
Media Volume
(mLs)
Selenium
Volume
(mLs)
Stock used
0 10.0 0.0 None
1 9.99 0.01 1,000 mg/L
10 9.9 0.1 1,000 mg/L
100 9.0 1.0 1,000 mg/L
500 9.5 0.5 1,0000 mg/L
1,000 9.0 1.0 1,0000 mg/L
4.5.5 Determination of Preferred Carbon Source for Mixed Cultures
While commercial nutrient media are suitable for the isolation and growth of
micro-organisms in the laboratory situation, they are however prohibitively
expensive for use in industrial scale applications, such as in a commercial version
of the bioreactor detailed in Section 4.6.  As such, investigators including Riadi
(1994) and Maiers t al. (1988) have examined the growth of selenium-tolerant
bacteria on defined and semi-defined media containing different commercially-
available carbon sources, which in some cases, such as casein hydrolysate, are by-
products of cheese and milk production.  Thompson-Eagle and Frankenberger
(1992) described the stimulation of selenium biomethylation in water and soil by
addition of proteins such as casein and albumen, while the rate of evolution of
selenium from soils, sediments and water was seen to increase with the addition of
carbon sources including glycerol, wheat grain, cellulose, glucose, pectin, orange
peel and galacturonic acid (Karlson and Frankenberger, 1988; Francis et al. 1974).
The defined basal salts media used by Maiers et al. (1988) for isolating selenate-
reducing bacteria from contaminated soils, sediments and waters was used in this
investigation to qualitatively determine a preferential carbon source or sources for
subsequent studies of metabolism of the isolates, and for potential use of the
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isolates in an industrial-scale bioreactor or in remediation.  Four c mmon and
commercially-available carbon sources were investigated, based on previous work
on isolation and growth of selenium-tolerant bacteria by Riadi (1994) and Maiers
et al. (1988): sodium acetate (Univar, Ajax Chemicals, Australia); 100% ethanol
(Pronalysis, Rhone Poulonc, Australia); sodium lactate (70%, Unilab, Ajax
Chemicals, Australia); and casein hydrolysate (N-Z-Case Plus, Sigma, Australia).
The composition of the basal s lts media of Maiers et al. (1988) is detailed in Table
4.2.  Due to the very small quantities of some of the micronutrients used in the
basal salts media, a 200x concentrated basal salts media was prepared using the
quantities also presented in Table 4.2.  From this, the 1x basal salts medi  was
prepared by making 5 mL of the 200x media to 1 L with deionised water.  To this
broth were added NaCl at 5.85 g/L (see notes, Table 4.2) and one of the four
carbon sources (2.0 g/l).  The basal salt  media was then autoclaved as has been
previously described, 9 mL of media was transferred aseptically to sterile 25 mm
diameter glass test tubes.  To these tubes, selenium as either selenate or selenite
was added from 100 mg/L stock solutions (diluted from the 1000 mg/L stock
solutions prepared as described in  Section 4.3.2) under aseptic conditions using a
sterile single-use syringe (Terumo, Tokyo, Japan) and a 0.22 µm membrane filter
(Millex-GS, Millipore, Sydney).
Mixed bacterial cultures isolated from sediment as described in Section 4.4.3 were
inoculated from nutrient broth solutions (Oxoid, CM12, Melbourne) stored at 4 °C
in a refrigerator into the culture tubes.  Two mixed cultures from each of the
Mannering Park/Vales Point, Cockle Bay and Nords Wharf sites were studied,
comprising one culture from each area isolated on selenite-containing media and
one isolated on selenate-containing media.  In respect of the Nords Wharf site,
note that while there were four sites within the embayment at Nords Wharf, only
cultures obtained from the fine sediment area in the centre of the bay were used
here.  200ml of organisms and broth from each nutrient broth culture, which had
been swirled on a vortex mixer to ensure homogeneity, was transferred under
aseptic conditions to the culture tubes using a pipette (Pipetman, Gilson, France)
and sterile pipette tip.
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4.5.6 Selenium Reduction by Mixed Cultures on Defined Media Containing 
Casein Hydrolysate
From Section 4.4.5, the carbon source added to the basal salts media (Table 4.2)
which was found to produce the greatest growth (as measured by visual
observation against the control) was used in subsequent experiments to determine
growth of the mixed culture isolates on basal salts media containing this carbon
source.  As seen from Table 5.5 in Chapter 5, casein hydrolysate was the carbon
source which clearly produced the greatest growth, and therefore the basal salts
media as detailed in Table 4.2, amended with 2 g/L of casein hydrolysate, was used
for subsequent studies as detailed below.
Tubes were then incubated for 4 days at 28 °C in a laboratory incubator
(Labmaster, Australia).  Controls containing no bacteria and no selenium, no
bacteria and 10 mg/L selenate and no bacteria and 10 mg/L selenite were also
incubated for the same period.  After this time, tubes were compared visually
against controls for turbidity, with growth being graded based on this visual
comparison as “strong”, “medium”, “weak” and “none”.
Two mixed cultures from each of the Mannering Park/Vales Point, Cockle Bay and
Nords Wharf sites were studied here to investigate selenium reduction using casein
hydrolysate as a carbon source.  These cultures comprised one culture from each
area isolated on selenite-containing media, and one isolated on selenate-containing
media.  400 ml of organisms and broth from each nutrient broth culture, which had
been swirled on a vortex mixer to ensure homogeneity, was transferred under
aseptic conditions to acid-washed Erlenmeyer flasks using a pipette (Pipetman,
Gilson, France) and sterile pipette tip.  Flasks contained basal salts media as
detailed in Table 4.2 as well as a casein hydrolysate as a carbon source (2.0 g/l)
and selenium.  Three different concentrations of selenium, as selenate and selenite,
were studied: 10, 50 and 100 mg/L.  Selenate was studied at 10 and 100 mg/L
whilst selenite was studied at 10 and 50 mg/L, as an investigative run using 100
mg/L selenite evidenced little or no growth of the organisms exposed to this
selenium concentration in the casein hydrolysate basal salts media. Selenate and
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selenite were added from 1,000 mg/L stock solutions, prepared as described in
Section 4.3.2.  Selenium was added to the flasks under aseptic conditions using a
sterile single-use syringe (Terumo, Tokyo, Japan) through a 0.22 µm membrane
filter (Millex-GS, Millipore, Sydney).
Flasks were then incubated for 12 days at 28 °C in a static laboratory incubator
(Labmaster, Australia).  Controls containing no bacteria and 10 mg/L selenate or
selenite, no bacteria and 50 mg/kg selenite and no bacteria and 100 mg/kg selenate
were also incubated for the same period.  Samples were taken from the culture at
48 h intervals over the incubation period.  10 mL of sample was extracted under
aseptic conditions using a sterile pipette tip and transferred to a bottle-top filter
unit (Nalgene, USA) where samples were filtered under positive air pressure
through a 0.45 µm membrane filter (Millipore, Sydney) into a 70 mL
polycarbonate acid-washed container (Bacto Laboratories, Sydney), acidified to
pH <2 with 1M HNO3 and refrigerated at approximately 4 °C prior to being
analysed.  The pre-weighed membrane filters were dried in a laboratory oven at
105 °C for 30 minutes and then cooled in a desiccator for 30 minutes prior to re-
weighing.  HGAAS analysis of samples for selenium was carried out as per Section
4.8.
4.5.7 Identification of Volatile Selenium Compounds Released by Mixed 
Cultures
Sediment samples collected from the Lake as described in Section 4.1.2 were
stored on ice after collection at approximately 4 °C until they were returned on the
same day to the laboratory.  These were then transferred to a refrigerator and
stored at 4 °C for a maximum of 48 hours before being further processed.
Subsequent analyses as described below were conducted to determine that selenate
reduction was indeed occurring within the mixed microbial populations contained
in the sediment slurry from each site, and that the mass balance on selenium in the
system could not be closed for all cultures studied by assuming selenate was
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converted to selenite.  Once this was established, headspace gases above the
cultures were analysed to identify the volatile compounds in the headspace gases.
To initially determine whether selenate reduction was occurring within these mixed
populations of sedimentary microorganisms, and prior to undertaking the GC/MS
analyses, approximately 1 g of sediment was removed from each sediment sample
using a sterile, acid-washed plastic spoon in a glove box under a nitrogen
atmosphere.  The remaining sediment was then capped under the nitrogen
atmosphere and frozen for subsequent analysis as detailed in Section 4.5 and 4.6.
The sediment sample was then added to 10 mL of 0.9% w/v sterile saline diluent
(prepared as per Section 4.3.2) and mixed using a vortex mixer to obtain a
homogeneous mixture.  Following this, 1 mL of the sediment/saline slurry was
extracted using a sterile pipette tip and transferred to a polycarbonate Erlenmeyer
flask containing 200 mL of nutrient broth (Oxoid, CM12, Melbourne) made to 100
mg/L selenate (Se VI)).  Duplicate cultures were incubated for each sediment
sample.  20 mL of a 1,000 mg/L selenate stock solution was added to 180 mL of
nutrient broth to give 200 mL of a 100 mg/L selenate media.  The 1,000 mg/L
selenate stock solution was prepared by dissolving 2.3372 g of Na2SeO4×10H2O
(GPR, BDH, Australia) in 500 mL of deionised water (Liquipure) acidified to pH
<2 with 2 mL of 70% w/v HNO3 (AnalaR, BDH, Australia).  Controls used in this
study were: nutrient media only; nutrient media and each of the four sediment
slurries only; and nutrient media and 100 mg/L selenate, only.
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Table 4.2 Basal Salts Media Composition (Maiers et al., 1988)
Ingredient: g/l g/L (200X)
Ammonium sulfate 0.3 60.0
Calcium chloride dihydrate 0.2 40.0
Magnesium sulfate 0.07 14.0
Sodium Chloride 5.85 *See Note
Boric Acid 6x10-4 0.12
Cobaltous Chloride 1.1x10-4 2.2x10-2
Cupric sulfate 8x10-5 1.6x10-2
Manganous chloride 6.3x10-4 0.126
Zinc Chloride 2.2x10-4 4.4x10-2
Carbon Source† 2.0 Not added
Selenium‡ 1 x 10-2 Not added
Notes: † 2.0 g/L Sodium Acetate; 2.5 mL/L Ethanol, 100%, 2.07 mL/L
Sodium lactate, 70%; and 2.0 g/L Casein Hydrolysate
‡ 10 mg/L selenium as sodium selenate, hydrated and sodium 
selenite, anhydrous
* Sodium chloride was added to diluted media only, as addition to 
200x media would have required the addition of 1.17 kg of NaCl to 
a litre of water to prepare a 200x media containing NaCl.
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Flasks were incubated statically in a laboratory incubator (Labmaster, Australia) at
28 °C for a period of 14 days.  Samples were withdrawn initially and then every
second day under aseptic techniques and filtered through a membrane filter as
detailed in Section 4.3.1.  Filters were dried in a laboratory oven for 30 minutes
and re-weighed to determine biomass.  No corrections for precipitated elemental
selenium were required as no elemental selenium was seen to precipitate in these
studies.  Acidified, filtered samples were stored in the refrigerator at 4 °C for a
maximum of 28 days (as recommended by Australian Standard AS 2031.2-1987)
before being analysed for selenium.  Selenium concentration and speciation analysis
was carried out on the filtrate, with samples being selectively converted to Se(IV)
(Section 4.7.7) and analysed by hydride generation atomic absorption spectroscopy
(HGAAS) (Section 4.8).
Following analysis of selenium speciation and concentrations in the filtrate from the
eight samples studied from the four sites, three cultures were chosen for analysis of
headspace gases.  After mixing on a vortex mixer, 5 mL of nutrient broth
containing the mixed bacterial cultures were re-incubated into a fresh nutrient
broth solution containing 100 mg/L selenate and prepared as previously described.
Two methods were employed to obtain headspace gases from the three cultures
studied for analysis.  For two of the cultures (1A2 and 4B1), headspace gases were
obtained by inserting a sterile, gas tight syringe (Unimetrics, Illinois, USA) directly
through the foil-wrapped cotton bung in the flask neck and withdrawing a known
volume of gas.  This was then injected directly into the injector port of a Gas
Chromatography/Mass Spectrometry unit (GC/MS) and analysed as detailed
below.  Subsequent to this, a cryogenic trapping system was utilised to pre-
concentrate volatile gases in the headspace above culture 1B1 to enhance the ease
of detection of the volatile compounds using GC/MS techniques.
Prior to the cryogenic trapping of headspace gases above culture 1B1, the culture
was transferred under aseptic conditions from its Erlenmeyer flask to a 250 mL
dreschel bottle (Crown Corning, Australia) to allow the bubbling of air through the
culture without the escape of any volatile gases.  The dreschel bottle containing
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mixed culture 1B1 was incubated at 28±2 °C and agitated with a magnetic flea
stirred by placing the bottle in a water bath sitting on a constant temperature
hotplate stirrer (PC-351, Corning, Australia).  Headspace gases above culture 1B1
were then cryogenically trapped by pumping a stream of laboratory air via an air
pump (Iwaki, Japan) through the culture at a rate of approximately 10 mL/min.
The air stream was sterilised by passing it through a 0.22 µm filter (Gelman
Sciences) prior to contacting the culture, and the dreschel bottle and attached
tubing were sterilised prior to use by passing ozone (O3) through the system for 5
minutes.
The sterile air passing through the culture swept any volatile headspace gases into
the glass cold trap (Crown Corning, Australia) fitted inside a ewar of liquid
nitrogen (LN2).  The cold trap was periodically withdrawn from the LN2-
containing dewar and inserted into an empty dewar which had been cooled in LN2,
which maintained the temperature of the trap at approximately -60 °C.  This
avoided a potential problem associated with continuously operating the trap
directly immersed in LN2, in that a heat pump-action leading to creation of a
vacuum could occur, resulting in air being drawn into the trap from both inlet and
outlet ports, in turn leading to the condensation of other gases such as N2 and CO2
present in the air.  This action, combined with the activity of the pump, could
potentially lead to excessive passage of air into the trap, hence resulting in
undesirable gas liquification and water solidification.
After 16 hours of trapping, the trap was sealed and allowed to warm to -40 °C.  A
250 mL glass sampling bottle with septum (Crown Corning, Australia) was then
attached to the outlet port and the gaseous species present inside the trap were
drawn in, allowed to reach equilibrium and then sealed inside the flask.  Using a
gas-tight syringe (Unimetrics, Illinois, USA) inserted through the rubber septum, 2
mL of the gas was withdrawn  and injected into the sample port of the GC/MS.
Headspace gases above the bacterial cultures were obtained and analysed.  A
Hewlett Packard 5890 Series II Gas Chromatography unit directly coupled to a
164
Hewlett Packard 5889A (quadrupole) Mass Spectrometer was used for
identification of headspace gases.  Upon entering the injection port, headspace
gases were cryogenically trapped at -20 °C at the head of the column (Hewlett
Packard HP-5, containing cross-linked 5% Ph Me silicone: 25 m x 0.2 mm x 0.33
mm film thickness) for 5 minutes prior to commencement of the temperature ramp,
which increases temperature by 15 °C/min up to a maximum of 150 °C.  The rising
temperature served to facilitate the d sorption of gases from the column.  High
purity helium (BOC, NSW) was used in the GC as an inert carrier gas.
4.5.8 Calculation of Metabolic Parameters
Three metabolic parameters which typify the ability of microorganisms to grow on
and consume a specific substrate were calculated for bacterial growth experiments
conducted as part of this study.  These parameters are specific growth rate (m),
yield (Yxs), and specific uptake rate of selenium (QSe).
Specific Growth Rate
The specific growth rate (m) of biomass in batch experiments such as those
described in this study can be given by Equation 4.2:
m =
1
x
dx
dt
Equation 4.2
Here, x is cell dry weight (g/l) , and t represents time (hours).
Rearrangement of Equation 4.2 gives:
dx
x
dt=m Equation 4.3
Upon integration, Equation 4.3 gives:
ln
x1
x
t
2
æ
èç
ö
ø÷
= mD Equation 4.4
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Hence, the specific growth rate (m) is the slope of the natural logarithm of x (dry
weight) versus time (t) and was calculated by linear regression.
Yield
Cell yield (YXSe) can be defined as the amount of biomass produced per unit mass
or concentration of substrate.  Here cell yield on selenium is determined as the
mass of biomass produced, x (grams), per gram of selenium, s (Equation 4.5):
Y  = 
g biomass
g selenium
 = XSe
dx
ds
Equation 4.5
Specific Uptake Rate of Selenium
The specific uptake rate of an electron acceptor, Qsubstrate, can be defined as
(Equation 4.6):
substrate
Q ds
dt
=
1
x
Equation 4.6
Rewriting Equation 4.6, we can relate specific uptake rate to yield through the
inclusion of a specific growth rate term, namely:
1
x
  = 
1
x
  
ds
dx
ds
dt
dx
dt
1
x
  =   
1
Y xs
ds
dt
m
substrate
Q   
Y xs
=
m
Equation 4.7
Therefore, in the case of selenium, the specific uptake rate of selenium can be
written as given by Equation 4.8 below:
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Se
Q   
Y xs
=
m
Equation 4.8
4.6 BIOREMEDIATION OF SELENIUM USING MIXED 
CULTURES
Preliminary laboratory-scale experiments using a bioreactor culture vessel were
undertaken as part of this research to examine the potential effectiveness of isolates
from Lake Macquarie in the remediation of selenium-containing aqueous waste
streams.  Prior to operation of the culture vessel, a simple test was conducted in
order to find the most effective media and to provide data on inhibitory selenium
concentrations for these isolates in these media.  A single colony was dropped into
test tubes containing 10 mL of one of the following: nutrient broth with selenium,
nutrient broth, 2TY media with selenium and 2TY media.  Selenium concentrations
were consistent with the amount to be used in the following run.  The test tubes
were placed in the incubator at 27 °C for 3 days and the growth noted.  The best
growing organisms were added to the culture vessel containing the same media as
the test tube. 13 g of nutrient broth (CM1, Oxoid, Melbourne) in 950 mL of
distilled water was added to a 1 L Nalgene, polycarbonate, baffled culture vessel
fitted with a magnetic stirrer and two portholes (see Figure 4.6).  One porthole was
filled with a gauze covered ball of non-absorbent cotton wool to allow for air to
enter the vessel without contamination.  To the second porthole, a silicon tube with
clamp for sampling was secured with more non-adsorbent cotton wool.  This was
then autoclaved at 121 °C for 30 minutes.  To the sterile media, a reasonably high
density  solution of bacteria in 10 mL of selenium-dosed (500 mg/L) nutrient broth
was added aseptically as well as 40 mL of selenium IV stock solution.  The
resultant mixture in the vessel contained bacteria in nutrient broth with a selenium
IV concentration of 500 mg/L. The vessel was placed in a fumehood (Dynamic,
Sydney) in a water bath at a temperature of 29 °C and vigorously stirred to allow
for aeration of the mixture.  15 mL samples were taken at intervals of
approximately 3 hours.  5 mL of the sample was separated and used immediately to
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measure optical density on a spectrophotometer and the remaining 10 mL was
frozen.  The samples were thawed then filtered using a vacuum filter with 0.47 mm
filter paper. Flame AAS was employed for analysis of Se(IV) concentration.
Analysis of total organic carbon (TOC) was also carried out.  X-ray diffraction
analysis of the selenium precipitate was undertaken according to the method of
Riadi (1994) using a Philips (Netherlands) Model 1130 X-Ray diffraction unit.
Runs were then repeated at selenite concentrations of 250 mg/L and 100 mg/L.
Figure 4.6 Culture vessel for remediation of selenium-containing 
wastewaters
Water bath
Thermo controlled
mixer
Magnetic stirrer
stirrer
clamp
Cotton wool plug
Sample tube
Reproduced from Mitchell, 1997, with permission.
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4.7 SAMPLE PREPARATION - SEDIMENT AND WATER
SAMPLES
4.7.1 Glassware Cleaning Procedures
It is essential in any analysis of metals at trace levels and below to ensure that
contaminants are not contributed by either the reagents or the laboratory ware
used.  Sorption of metal ions to the surface of glassware is a common source of
error in analysis of environmental samples (Campbell, 1984).  Typically,
borosilicate glass, linear polyethylene, polycarbonate, PTFA and Teflon sample
containers are used, although certain government standards and industry
association standard methods (USEPA, 1986; AWWA, 1986) may require the use
of specific materials to be used for certain analytes.  Glassware and plasticware
used in the collection, preparation and analysis of samples must be pre-cleaned
according to an established procedure, the aim of which is to minimise any
contamination that may arise from the sample container itself.
The method used in the preparation of glassware, plasticware and any other
laboratory items for storing or manipulating sediment, aqueous or microbiological
samples as described in this research was adapted from the USEPA Method #7000,
Atomic Absorption Methods (Keith, 1991), and the method presented in Australian
Standard 2031.1-1986, to suit the particular circumstances of the available facilities
in the laboratories in which this research was conducted.  This procedure (as
detailed below) was used in all instances unless otherwise specified in the text:
1. Rinse in deionised water;
2. Detergent scrub (Extran 3000, BDH. Melbourne, neat) to remove visible
contamination;
3. 24 hr soak in detergent solution (2% Extran 3000, BDH, Melbourne);
4. Rinse in deionised water;
5. Minimum 48 hr soak in HNO3 (2M) (AnalaR, BDH, Melbourne);
6. Triple Rinse in deionised water;
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7. Dry either in inverted position in air or in a laminar flow hood (Clyde-APAC,
Sydney).
The drying of equipment used in sampling and analysis is also an important
consideration, the aim of which is to prevent contamination of such equipment
either during the drying process itself or during storage prior to use by airborne
contaminants depositing on the equipment’s surface.  Drying cabinets
(Anonymous, 1994) have been reported in the literature as being satisfactorily used
for this purpose; other non-contaminating forms of drying such as streams of
filtered air would also be suitable.  Equipment used in this research was typically
dried in one of two ways: either air drying in a sheltered location, and in an
inverted position for open-mouth containers, to prevent entry of dust or other
contaminants; or in a laminar flow hood (Clyde-APAC, Sydney), with a high
efficiency particulate air (HEPA) filtered air supply.  Air-drying of equipment used
in this study took from 24-48 hours, whilst drying of equipment in the laminar flow
hood took a period of only 2-3 hours.
4.7.2 Sample Storage
Correct sample storage and handling is vital in ensuring that the sample does not
undergo speciation changes due to biotic activity (i.e., bacteria) or abiotic chemical
reactions (e.g., oxidation) (Fio and Fuji, 1990) prior to analysis.  Water samples
are typically filtered through a 0.45 µm membrane filter - this separates dissolved
from suspended constituents in a sample and is an operational definition of material
which is either retained on, or passes through, a 0.45 µm filter (Cutter, 1989).
Following filtration, the water sample is then typically acidified to pH 1.5 (Cutter,
1982; 1989) to preserve the sample and prevent formation of metal precipitates.
Water samples are subsequently stored at 4 °C until analysis.  A maximum holding
period of 28 days is recommended for selenium (Australian Standard 2031.1-
1986).
In this study, water samples intended for analysis of selenium and physical
properties were filtered through 0.45 µm membrane filters (Millipore, Sydney) and
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then acidified to pH 1-2 via the addition of nitric acid.  Samples were stored in a
refrigerator at 4 °C for a maximum of 28 days prior to analysis.
Batley (1987) described a procedure for handling of sediment core samples to
ensure that speciation changes due to storage are minimised, which includes
freezing samples in the upright position to maintain core structure and processing
of samples under a nitrogen atmosphere to prevent oxidative changes occurring.
Biological samples are typically freeze-dried prior to analysis, (Cutter, 1978;
Porcella, 1987) but may also be conventionally frozen (Chvojka t al., 1990).
Sediment samples in this study were transport to the laboratory and initially stored
in the upright position to maintain core integrity at 4 °C for a maximum of 12
hours prior to being sectioned and frozen in a conventional freezer for subsequent
analysis.  Macrofauna found in sediment samples were not analysed in this study
and were subsequently discarded.
4.7.3 Sample Preparation
When required for analysis, frozen sediment samples were removed from the
freezer and thawed in sealed containers in a refrigerator at 4 °C for approximately
24-48 hrs.  The majority of the sediment sample was then transferred to the top
screen of the wet-sieve apparatus shown in Figure 4.7, with the remainder retained
for archiving and/or total organic carbon analyses.
The wet-sieve apparatus consisted of two pieces of nylon mesh, the top piece with
a nominal aperture of 2 mm, and the lower mesh with an aperture of 63 µm, with
each piece of mesh held securely at the base of a plastic container of diameter 100
mm from which the base had been removed.  The container with the 2 mm mesh
was placed above the container with the 63 µm mesh to form a sieve stack.  A
1,000 mL glass beaker was used as the receiver below the 63 µm mesh.
Figure 4.7 Wet Sieve Apparatus for Sediment Sieving
171
2mm sieve
63mm sieve
£63mm particles
2.0mm£particles³63mm
³2.0mm particles
Distilled water
Reproduced from Mitchell, 1997, with permission.
Wet-sieving of the sediment was achieved using deionised water supplied by a
hand-held squirt bottle with trigger, with the nozzle set to give a gentle spray.
Between 250-1,000 mL of water was used with each sample.  To prevent blinding
of the mesh by sediment particles, the resultant slurry atop each mesh was stirred
gently with a flat, wide-blade spatula.  Application of water was continued until the
liquid passing through the bottom mesh ran clear.  The fraction of the sieved
sediment retained on the 2 mm mesh typically consisted of pebbles, weed, small
molluscs, shells and other detritus and was discarded.  The fraction retained on the
63 µm mesh generally consisted of sand particles, small pebbles and broken
mollusc shells.  This fraction was transferred to 70 mL polycarbonate sample
containers and archived.  The < 63 µm sediment slurry collected in the beaker was
covered with plastic film and left for 2-5 days at room temperature, until the water
above the sediment was clear, to allow the sediment to settle out.  The wash-water
above the sediment was then carefully decanted, leaving the < 63 µm sediment
fraction.  Note that all glassware and plasticware used in this wet-sieving
procedure was acid-washed as detailed previously in Section 4.7.1.
This < 63 µm sediment fraction was then split into two approximately equal
fractions for subsequent treatment.  One fraction was transferred to a pre-weighed
glass petri-dish, re-weighed, and dried in a laboratory oven for 24 hrs at 60 °C.
Upon removal from the oven the sample was re-weighed.  This fraction was then
used for selenium analysis as detailed in Section 4.8.  The remaining fraction was
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also transferred to a pre-weighed glass petri-dish, re-weighed, and dried in a
laboratory oven for 24 hrs at 105°C, and upon removal from the oven was also re-
weighed.  This fraction was then used for analysis of heavy metals as detailed in
Section 4.9.
4.7.4 Validation of Sample Preparation Procedures
Analysis of the < 63 µm sediment fraction is a procedure typically used in the
geochemical analysis of sediments as a method of size normalization to account for
variations in the proportions of sand, silt and clay composition of different
sediments used (Batley, 1987; Roy and Crawford, 1984).  The assumption implicit
in this procedure being that heavy metals and metalloids preferentially partition into
the < 63 µm sediment fraction (typically containing clay particles) instead of the
coarse sand-containing fractions.  This method allows for comparisons of heavy
metal concentrations to be made across both different sites and different sediment
types.  In this study, the < 63 µm fraction was obtained by wet-sieving as detailed
in Section 4.7.3 above.
A further potential issue related to this wet-sieving procedure is the possibility for
remobilisation of selenium from the sediment into the overlying wash-waters,
especially as these waters are above the sediment for up to 5 days in the procedure
employed in this study before being decanted.
This potential loss of sedimentary selenium into the overlying wash water, as well
as the validity of the assumption regarding preferential partitioning of selenium and
heavy metals into the < 63 µm sediment fraction, was investigated as part of this
research and the method and results of these investigations are detailed in
Appendix 1.
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4.7.5 Sample Digestion
Selenium in environmental and biological samples may be present in a number of
different forms and phases which will not necessarily be the aqueous phase.  In the
organic form, selenium may for example be incorporated into proteins, whilst in the
inorganic form it may be incorporated into a mineral phase (see Chapter 2).  As the
conditions occurring during hydride generation are not sufficient to convert the Se
to an aqueous form, the sample is required to be converted to this state external to
the hydride generation apparatus (Haygarth et al., 1993).
For soils, sediments, residues from filtered water samples, and biological tissues,
the most common procedure employed to extract species of interest is wet
digestion (Campbell, 1984).  Where information regarding the partitioning of
particulate trace metals between the conceptual components of sediment particles
(namely the exchangeable, carbonate-bound, Fe-Mn oxide-bound, organic matter-
bound and residual fractions) is required, a sequential extraction procedure (first
described by Tessier et al. (1979)) may be used.  A modification of this procedure
has been successfully applied to Se by Cutter (1985).
Numerous methods exist in the literature (Campbell, 1984; Norheim, 1986; Maher
and Deaker, 1995) and in government and industry standard procedure manuals
(Greenberg et al., 1985; Keith, 1991), for the digestion of sediment and other
sample types.  While the specifics of the different methods, as well as their
recovery efficiencies vary greatly, digestions for recovery of selenium from
sediments and biological materials typically involve the use of a combination of
acids in conjunction with the application of heat.  Typical combinations of acids
reported in the literature are HNO3 and HCl, (Anonymous, 1994), HNO3 and
HClO4 (Pierce and Brown, 1977; Norheim, 1986), HNO3, HClO4 and H2SO4
(Analytical Methods Committee, 1979; Haygarth et al., 1993) and HCl, HClO4 and
HF (Elrick and Horowitz, 1986).  The aim of these wet-digestion procedures is to
maximise decomposition of the oxides, organic matter and silicates within the
sample matrix which may contain the analyte of interest.  It is particularly
important when analysing for selenium to maintain oxidising conditions throughout
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the sample digestion process so as to avoid the loss of Se, which is volatile in its
reduced form (Ducros et al., 1994)
Considerable care must be exercised and appropriate safety procedures employed
when using concentrated, strong acids in digestion procedures - when Perchloric
and/or hydrofluoric acids are used, digests must never be allowed to evaporate to
dryness and appropriate fume cupboards should be used to prevent fire or
explosion that could result in injury or death (Norheim, 1986).  All acid digests as
described in this study were conducted using appropriate safety procedures and in
accordance with applicable University and State occupational health and safety
requirements.
Cutter (1985) advised that, due to the volatility of SeF4 and SeF6, digestions using
hydrofluoric acid should be conducted in sealed containers to prevent escape of
these compounds.  Such volatility problems may be overcome by digestions where
oxidising reagents such as HNO3, HClO4 and H2SO4, as well as potassium
persulfate and permanganate, and hydrogen peroxide (Cutter, 1985) are used.
Selenium contamination of sulfuric acid (as noted in Chapter 2, selenium is
typically associated with sulfur in the environment (Elkin, 1982)), as well as
interference from permanganate ions in HGAAS may, however, be encountered
(Pierce and Brown, 1977).
Microwave digestion methods have been developed in recent years which seek to
overcome the limitations of conventional wet digestion, namely the loss of volatile
elements, use of dangerous acids and the time associated with digestion.  The
complex composition of biological tissues (carbohydrates, proteins and lipids)
leading to such samples not being completely soluble either in water or organic
solvents, readily lends itself to microwave digestion (Baldwin et al., 1995).  Often,
nitric acid alone is sufficient to achieve complete digestion (Vermier et al., 1988)
as the high pressures and temperatures involved in the microwave digestion
procedure greatly increase the oxidising power of the acid (Lamleung et al., 1991).
Good recoveries of Se from biological tissue has been shown using microwave
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digestion techniques (Deaker and Maher, 1995), although GFAAS and not
HGAAS was used.
As previously noted, digestion procedures for environmental samples as
documented in the literature vary considerably.  The applicability and suitability of
any reported digestion procedure must therefore be established prior to use for the
specific environmental samples to be studied.  Additionally, the availability of
specialised fume cupboards as well as other equipment and reagents that certain
methods require will also determine which methods are feasible in a given situation.
In this study, several digestion schemes reported in the literature were extensively
examined to determine the scheme which provided maximum recovery of selenium
from the sediment matrix for sediments from Lake Macquarie, whilst addressing
the concerns previously raised in relation to the safety of digestion procedures
involving concentrated acids such as HClO4 and HF (Norheim, 1986), and also
taking into account the available facilities.  Three methods (with some variations)
were considered:
1. Reverse Aqua Regia (Maher, 1995): Here, 3 mL of HNO3 and 2 mL of HCl (a
3:2 ratio) were added to 0.5 - 1.0 g of sediment in an acid-washed test tube,
which was then covered with a watch glass and heated at 80 °C in a dry-block
digestor (Tecator) for approximately 4 hours or until the brown fumes
dissipated.  A modification of this method also studied here was to use 5 mL of
HNO3 only with all other conditions remaining the same.
 
2. HNO3/H2O2 (Adeloju et al., 1994): Here, 0.5-1.0 g of sediment was weighed
out into 100 mL Erlenmeyer flasks, to which was added 6 mL of HNO3. The
flasks were then covered with a watch glass and heated at 90 °C on a
temperature controlled heating block for 30 minutes.  The digest was then
cooled to room temperature, then 2 mL of H2O2 was added and the digest
again heated on the hotplate at 90 °C for 30 minutes.
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3. HNO3/H2SO4 (Adeloju et al., 1994): Here, 0.5-1.0 g of sediment was weighed
out into 100 mL Erlenmeyer flasks, to which was added 4.5 mL HNO3 and 2
mL of H2SO4 (a 2.25:1 ratio).  The flasks were then covered with a watch glass
and heated at 90 °C on a temperature controlled heating block for 30 minutes.
Concentrated, high purity acids (AnalaR or ARISTAR, BDH, Australia) were used
for all digestions as detailed in this study.  In all methods studied, the sediment
digest was allowed to cool to room temperature following digestion, and was then
filtered through an acid-resistant 0.45 µm membrane filter (Millipore, Sydney)
using a bottle-top filter unit (Nalgene, USA) under positive air pressure using
laboratory air filtered through a 0.22 µm filter.  Sample tubes or flasks were rinsed
with deionised water to remove sediment digest residues and the washing added to
the filter unit.  Acidification of the samples was not required due to extremely
acidic nature of the digests.  Samples were subsequently refrigerated at
approximately 4 °C prior to being selectively converted (Section 4.4.7) and
analysed for selenium (Section 4.8).
The HNO3/H2SO4 method of Adeloju et al. (1994) yielded the highest recovery in
these studies, with an average value of 74.5%, compared to 40.15% for the
HNO3/H2O2 method (Adeloju et al., 1994).  The reverse Aqua Regia method was
discarded due to the occurrence of excessive foaming with some samples.  Based
on these selenium recovery efficiencies obtained from the comparisons of digestion
methods, the HNO3/H2SO4 method of Adeloju et al. (1994), with modifications as
described below, was used for the digestion of all sediment samples included in
these experiments except where specifically stated in the text.  The specific method
used in sediment digestions in this study is given below:
1. 0.5 - 1.0 g of sediment was weighed out accurately into 25mm diameter, glass,
acid-washed test tubes.
 
2. To the tubes were added 4.5 mL HNO3 and 2 mL of H2SO4 (a 2.25:1 ratio).
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3. Where foaming was seen to occur upon addition of acid, small quantities of
deionised water were used to wash sediment adhering to test tube walls, having
been carried there by the foam, back down into the acid.
 
4. The tubes were then covered with a watch glass and heated at 90°C
(temperature of the tube contents) in an aluminium heating block for 30
minutes.
 
5. Samples were then allowed to cool before being filtered through an acid-
resistant 0.45 µm membrane filter as detailed above.
4.7.7 Conversion of Selenium to Se(IV)
While Se exists in nature in four oxidation states (VI, IV, 0 and II), selenium
hydride is only formed at appreciable rates from Se in the IV oxidation state, owing
to the extremely slow kinetics of the reduction of Se(VI) by borohydride (Bye and
Lund, 1988).  As such, if Se is present in a sample in oxidation states other than
IV, it must first be converted to the IV state prior to analysis by HGAAS.
Selective conversion of the different oxidation states of selenium present in an
environmental sample therefore allows for a determination of the proportion of
selenium occurring in that state.  HGAAS as a method for the analysis of selenium
in such environmental samples is described in Section 4.8.
Total Se Analysis
Determination of total non-volatile Se by HGAAS requires conversion of all
dissolved selenium species present (both oxidised and reduced) to the Se(IV)
oxidation state prior to addition of NaBH4 (Masscheleyen et al., 1991).  In a
typical procedure, a 50 mL aliquot of digested sample is acidified to 4M with HCl;
1 mL of a 2% w/v solution of K2S2O8 added to the sample and then boiled for 1 hr
(Cutter, 1985).  A modification to this procedure by Fio and Fujii (1990) and that
used for determination of total selenium in this study uses 4 mL of 2.0% w/v
K2S2O8, followed by further digestion with 4 mL of 2.5% w/v oxalic acid
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(H2C2O4).  The solution resulting from this digestion is then analysed as selenite via
HGAAS to give total selenium.
Se(IV) Analysis
In the analysis of Se(IV), the digested sample is simply analysed via HGAAS as
described in Section 4.8.2 without pre-treatment, with the exception of pre-
concentration if required.  As the hydride generation procedure is selective for
selenium in the tetravalent oxidation state (Bye and Lund, 1988), no oxidation or
reduction of the sample is required.  Cooke and Bruland (1987) noted that simple
oxidised methylated selenium compounds, if present in the sample solution (for
example, methyl selenone and dimethylselenonium) are converted to dimethyl
selenium (DMSe) as a result of this procedure and will be caught in the sample trap
used for pre-concentration along with selenium hydride.  W ere a sample trap is
included in the hydride generation apparatus, controlled heating of the trap will
result, based on differences in boiling points, in the sequential volatilisation of H2Se
and DMSe, resulting in two distinct and sharp peaks in the AAS analysis
corresponding to each species (Masscheleyen et al., 1990).  Masscheleyn t al.
(1990) noted however that this method simply quantifies simple oxidised
methylated Se compounds present in a sample - it does not identify the organic Se
compounds that are present.
In this study, concentrations of selenium in the samples analysed were of
sufficiently high levels for the samples to be introduced into the HGAAS apparatus
without pre-treatment or preconcentration and analysed as Se(IV).
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Se(VI) Analysis
Acidification and heating are typically used to reduce Se(VI) to Se(IV) to allow
analysis by HGAAS.  While optimum conditions described in the literature vary, an
adaptation of the procedure of Masscheleyn et al., 1991, was used in this study for
the determination of the [Se(VI) + Se(IV)] fraction and thence the Se(VI) fraction
by difference.  In the procedure used in this study, an aliquot of sample was
acidified with 6M HCl and then heated at 100 °C for 45 minutes.  The treated
sample was then allowed to cool prior to analysis, and analysed for Se(IV).  This
provided the measurement of [Se(VI) + Se(IV)]; Se(VI) was determined as the
difference between [Se(VI) + Se(IV)] and Se(IV).
Se(0) + Se(II) Analysis
This “organic selenide” fraction of total non-volatile Se (defined as selenium
present as Se(0) and Se(II) (Cutter, 1989)) was determined by difference without
any need for chemical or physical treatment.  As total selenium is comprised of
only three fractions for the purposes of HGAAS, namely Se(IV), Se(VI) and
[Se(II)+Se(0)], the [Se(II)+Se(0)] fraction was determined as the difference
between total Se (Se[Tot])and [Se(VI) + Se(IV)].
4.8 TRACE METAL ANALYSIS - SELENIUM
4.8.1 Instrumental Methods for Selenium Determination
A recent survey of total selenium concentrations in samples taken from irrigated
lands in the western United States (Engberg and Sylvester, 1993) illustrated the
wide range of selenium concentrations encountered in environmental samples.  In
this study, selenium concentrations in samples ranged from <1-4800 µg/L for
water samples, <0.1-85 µg/g (dry weight basis, <62µm fraction) for sediment
samples, and <0.32-170 µg/g (dry weight basis) in bird livers.  Instrumental and
analytical methods for the determination of total selenium in environmental samples
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must therefore be able to cater to this extremely wide concentration range and also
be sufficiently sensitive to detect to ppb and lower levels (Cutter, 1986).  Methods
which have been satisfactorily used for the determination of selenium
concentrations are: fluorimetry (Maher, 1985); radiochemical neutron activation
analysis (RNAA) (Garg et al., 1993; Batley, 1987); mass spectrometry methods
including gas chromatography-mass spectroscopy (GC-MS) (Reamer and Veillon,
1981) and inductively coupled plasma mass spectrometry (ICP-MS) (McCurdy et
al., 1993); graphite furnace atomic absorption spectroscopy (GFAAS) (Krynitsky,
1987); and electroanalytical methods including cathodic stripping potentiometry
(Adeloju and Young, 1987).  However, these techniques by themselves are non-
selective for the different selenium species and therefore are unable to distinguish
between the selenium species present in the sample matrix.
This is overcome firstly by the selective oxidation or reduction of the selenium
species present within the sample to the IV oxidation state (as detailed in Section
4.7.7).  The sample may then be analysed by: i) fluorimetry using 2,3-
diaminophtalnene (Maher, 1995); or ii) generation of selenium hydride (Wrench
and Measures, 1982) followed by appropriate instrumental analysis.  Alternatively,
cathodic stripping potentiometry can be used (Adeloju and Young, 1994), in which
selenium preconcentration as mercury selenide requires selenium to be in the IV
oxidation state.  Hydride generation has been applied to ICP-MS (McCurdy et al.,
1993), ICP-Atomic Emission Spectroscopy (AES) (Nygaard and Lowry, 1982)
and atomic absorption spectroscopy (AAS) (Masscheleyn et al., 1991).  Both the
selective fluorimetry and the hydride generation methods seek to present the
analytical instrument with different fractions from a given environmental sample,
which contain selenium in the IV oxidation state and which were derived from
either the total Se, Se(IV) or [Se(VI) + Se(IV)] fractions within the sample.
Haygarth et al. (1993), in an inter-laboratory, inter-instrument study comparing a
number of instrumental methods for total Se determinations, observed that the
fluorimetric method is prone to errors due to photosensitive decay and has a poor
limit of detection (0.28 ng/mL), and concluded that fluorimetric determination of
Se in environmental samples was the least appropriate of the methods studied
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based on contemporary standards.  Campbell (1984) also noted that at
concentrations less than 100 µg/kg, hydride generation coupled with AAS would
have advantages over fluorimetry.  HGAAS and HG-ICP-AES were found by
Haygarth et al. (1993) to be useful methods for routine laboratory analysis of Se in
environmental matrices, with HG-ICP-MS and RNAA being found to be superior
at low (approximately 30 µg/kg) concentrations of Se, although issues of cost,
availability and analysis time are associated with these techniques (particularly
RNAA, which requires access to a nuclear reactor).  Given the widespread use of
the HGAAS method for the routine speciation of selenium (Fio and Fujii, 1990;
Gelman, 1985; Verlinden et al., 1981; Cutter, 1985; and Cutter, 1986), this
analytical technique was chosen for this study for the analysis and speciation of
selenium present in environmental samples, except where otherwise noted.
4.8.2 Hydride Generation Atomic Absorption Spectroscopy
HGAAS is a variation of the standard flame atomic absorption spectrometry
technique and is used for determination of elements which form gaseous hydrides
(As, Se, Bi, Sb, Ge and Te).  Flame AAS analysis of selenium is limited in part by
the fact that the most sensitive resonance line for selenium (196.0 nm) lies within
the region for absorption from the flame gases and from the atmosphere, leading to
a poor signal to noise ratio (Campbell, 1984).  Campbell (1984) also noted that the
use of a different flame to overcome this problem (argon or nitrogen-hydrogen-air
entrained) may lead to matrix interferences due to the lower temperatures of the
flame.  As previously noted, flame AAS is also unable to differentiate between
selenium species.  The two key advantages of HGAAS over flame AAS for
determination and speciation of selenium in environmental samples are therefore:
i) Improved sensitivity, because of improved detection limits, arising from
collection and pre-concentration of gaseous hydrides; and
ii) Improved selectivity, because the selenium hydride is formed from only S (IV),
which in combination with oxidative and reductive digestions allows for
determination of total selenium, Se(IV), Se(VI) and Se(0+II) fractions
(Masscheleyen t al., 1991) as described in Section 4.7.8.
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In the hydride generation method for selenium analysis, an aqueous digest of an
environmental sample, in which selenium present in the sample has been converted
to the Se(IV) form (see Section 4.7.8) is reacted with a reducing agent in the
presence of HCl to generate selenium hydride (H2Se).  This selenium hydride is
then introduced to the atomisation cell of the AAS instrument by an inert gas
carrier, where it is atomised in the flame and the analytical signal obtained.
Previously, the H2Se was introduced to the flame via the conventional nebuliser
system.  More recently, heating of the H2S  in a quartz tube by the burner
(typically dimensions are 8 mm i.d., 180 mm length, with a side-arm of 2-3 mm i.d.
in the middle of the tube through which the hydride enters (Campbell, 1984)), or in
a “flame-in-tube” burner (Masscheleyn et al., 1991), placed in the light path of the
spectrophotometer, has been found to enhance the absorbance signal compared to
injection via the nebuliser.
Sodium borohydride (NaBH4), stabilised in NaOH, is typically used for generating
selenium hydride.  Concentrations of NaBH4 and NaOH used in hydride generation
for Se vary - typical combinations reported in the literature are 4% w/v NaBH4 in
0.3% w/v NaOH (Cutter, 1978), 3% w/v NaBH4 in 1% w/v NaOH (Masscheleyn
et al., 1991), and 0.6% w/v NaBH4 in 0.5% w/v NaOH (Gelman, 1985).  Zinc in
hydrochloric acid has also been used for the evolution of selenium hydride (Holak,
1969); however, the use of NaBH4 is currently favoured over zinc in HCl due to
the need for collection techniques arising from the slow generation of the hydrogen
selenide (Campbell, 1984)  Tin chloride (SnCl2) has also been reported as suitable
for the conversion of selenium to Se(IV) (Keith, 1991), although Cutter (1978)
noted that complete suppression of the Se(IV) signal can occur because of the
formation in the presence of 4M HCl of a tin-hydride compound.
Acid concentrations reported in the literature and recommended by manufacturers
of commercially available hydride generation apparatus also vary considerably.  In
a radiotracer study of acid concentrations for hydride generation, McDaniel et al.
(1976) determined that the optimum HCl concentration for conversion of selenium
to its hydride was 4N (approximately 4M).  Above this concentration, optical
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interference due to HCl or its decomposition products was encountered; at lower
concentrations, loss in selenium yield occurred.  Higher acid concentrations are
encountered in the literature, with 7M (Fio and Fujii, 1990) and 10M HCl
(Norheim, 1986) being commonly reported.  It is relevant to note that the study of
McDaniel et al. (1976) was conducted using a graphite furnace with flameless
atomisation instead of a quartz tube mounted above the burner, and this may be
reflected in their conclusion regarding suitable acid concentrations.
Given the variety of concentrations of NaBH4, NaO  and HCl which are reported
in the literature to be successfully used for HGAAS, the analyst intending to use
this technique for the first time is encouraged to use (at least initially), the
concentrations either recommended by the equipment manufacturer, in the case of
commercially available hydride generation apparatus, or in the literature, where
either the apparatus or technique being described is similar to that intended to be
used.  The ranges in concentrations described previously suggest that there is room
for, and need of, experimentation by the analyst to determine the optimum
conditions for a given analysis.  Extensive experimentation of this nature was
undertaken as part of this study to determine optimum conditions for the analysis
of selenium using the commercially-available hydride generation apparatus as
described below.
The order of addition of HCl and NaBH4 in the hydride generation procedure is
important - Pierce and Brown (1977) conducted experiments with HGAAS
analysis of  selenium samples, in which the order of addition of HCl and NaBH4
was alternated.  They found that where NaBH4 was added prior to HCl, it was
preferentially consumed by certain cations (notably Fe3+, Co2+, Cu2+, Cd2+ and
Pb2+), resulting in the formation of the corresponding metal precipitates, the effect
of which was total suppression of the analytical signal of the sample or standard.
Commercially-available hydride generation apparatus for use with atomic
absorption spectrophotometers are available and are described in the literature
(Haygarth et al., 1993; Norheim, 1986).  The commercial hydride generation
apparatus used in this study (Figure 4.5) consisted of a peristaltic pump with three
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uptake capillaries immersed in the acid, borohydride and sample solutions; a glass
reaction coil; a gas-liquid separator leading to the quartz absorption cell of the
AAS; and an inert gas supply.
Alternatively, and particularly where speciation to nanogram or environmental
background levels is required, a hydride generation cryogenic trapping apparatus
can be constructed, generally comprising reaction vessel, water trap and sample
trap (Cutter, 1978).  Cutter (1978) detailed the construction and use of such an
apparatus, comprising a stripping vessel, dry ice/isopropanol cooled water trap and
liquid nitrogen cooled sample trap packed with silanized wool.  Here, NaBH4 was
added to the acidified sample in the reaction vessel at a fixed rate over the pre-
determined stripping period.  The hydride produced was swept from the vessel by a
stream of He carrier gas.  Water, which would otherwise clog the sample trap, was
removed in a U-tube immersed in a dry ice-isopropanol bath.  After the stripping
period, the sample trap was removed from liquid nitrogen and allowed to warm,
liberating the hydride which was then swept into the absorption cell for analysis.
CaCl2 has previously been used to remove the water vapour (Holak, 1969) but has
been found to trap a portion of the hydride that is generated (Cutter, 1978).  The
hydride generation apparatus described by Masscheleyn et al. (1991) is similar, but
used Nichrome wire wrapped around the sample trap as a heating element.
Connected to a variable transformer, this provided a slow and steady heating of the
sample trap.  As previously noted, the high concentrations of selenium encountered
in samples in this study did not necessitate the use of cryogenic trapping of
selenium vapours.
Interference, in the form of suppression of the analytical signal,  is considered the
most significant problem with the AAS method (Haygarthet al., 1993).  This
interference is due to the presence at significant levels of other elements and
species in the matrix which can cause complete suppression of the selenium signal
(Pierce and Brown, 1976; 1977).  In a comprehensive series of investigations,
Pierce and Brown (1976 and 1977) studied the interferences in HGAAS due to
selected cations, anions and acids.  Using aqueous samples containing 1 µg/L of
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selenium, they found that Ca2+, Mg2+, K+, Na+ , SO42- and Cl-, at concentrations up
to 333 mg/kg, did not cause suppression of the selenium analytical signal.
However, complete signal suppression was caused by the cationic forms of other
metals (Cd2+, Cu2+, Co2+, Pb2+, Mo4+, Ni2+, Ag+, Sn4+, V5+, Zn2+) and the anions
MnO4-, VO3-, S2O8- and NO3- at concentrations above 16.7 mg/kg.  Al(III) and
Fe(III) cations, as well as Cr2O72-, MoO42- and PO43- also caused Se signal
suppression, although of less magnitude.
The design of the hydride generation system was found to be a key factor in
determining the degree of success of removal of interference.  McDaniel et al.
(1976) reported that their optimisation of the hydride generation step resulted in
90% recovery of added selenium, compared with as little as 10% recovery in other
published methods which they reproduced.  Soluble organic matter was also
reported by Fio and Fujii (1990) to interfere with selenium determination by
HGAAS in some groundwater samples and soil extracts.  This wa  postulated by
Roden and Tallman (1982) to result from the interaction of hydrogen selenide and
humic substances.  In their study, a chromatographic column packed with an
intermediate polarity acrylic ester polymer resin was shown to separate dissolved
organic matter into hydrophobic and hydrophilic fractions; selenium was associated
with the hydrophobic fraction.
In this research undertaken as part of this study, interference was monitored for by
the use of standard reference materials of known selenium concentrations (see
Section 4.3.3) and determination of selenium recovery efficiencies to identify
unrecovered selenium not accounted for by expected digestion efficiencies.
4.8.3 Apparatus
A Varian AA/20 Atomic Absorption Spectrometer with Varian VGA-76 Vapour
Generation Accessory was used exclusively in this study for the analysis of trace
(µg/l) levels of total selenium by hydride generation atomic absorption
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spectroscopy (HGAAS).  Selenium speciation, into VI, IV and (II + 0) fractions,
was also perfomed using the HGAAS methodology and selective oxidation and
reduction reactions as described in Section 4.7.6.
The VGA-76 hydride generation apparatus has three uptake capillary ub s which
transport NaBH4, HCl and the sample to be determined at preset flowrates through
a peristaltic pump to the reaction coil.  Order of addition of the reagents to the
sample is important to ensure that the hydride is indeed formed (Pierce and Brown,
1977) - HCl first mixes with the sample, then the NaBH4.  The sample, along with
the HCl and NaBH4 are swept into the reaction coil by an inert gas (Nitrogen,
Instrument Grade, BOC Gases, Wetherill Park, NSW) where the hydride
generation reactions take place.  The gas-liquid mixture is then carried into a gas-
liquid separator, where a second inert gas stream carries the H2Se out of the
separator and the VGA-76 unit, and the remaining liquid drains to waste.  The
gaseous component is then directed via inert tubing to the absorption cell, where
the H2Se is atomised in the flame and the absorbance measured by the AAS unit.
4.8.4 Reagents and Standards
Analytical Grade reagents were used in the determination of selenium
concentration and speciation by HGAAS to minimise interferences due to
contamination of the reagents with the analyte of interest, in this instance,
selenium.  Solid and aqueous reagents used for HGAAS determination of selenium
were all AnalaR grade obtained from BDH Chemicals, Melbourne, Victoria, unless
otherwise specified in the text.  Water used for dissolution and dilution of reagents
was deionised water.
A 0.6% w/v NaBH4 solution made up in 0.5% w/v NaOH was used in the vapour
generation accessory; it was prepared by dissolving 3.0 g of NaOH in 500 mL of
deionised water to which 2.5g of NaBH4 w s previously added.  The solution was
stored in an acid-washed glass volumetric flask in a refrigerator at approximately 4
°C until required, when it was then transferred to an acid-washed polypropyl ne
bottle (Nalgene, USA) for use in the vapour generation apparatus.  As the
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borohydride solution loses its reactivity after 1-2 days, a fresh solution was
prepared daily.
Hydrochloric acid for the generation of sodium borohydride was used at a
concentration of 10M (36-37%).  HCl was transferred to an acid-washed
polypropylene bottle (Nalgene, USA) for use in the vapour generation apparatus
just prior to use.
The standards to be used for HGAAS analysis for selenium must also either be
already in the IV oxidation state or be converted to this state prior to hydride
generation.  The method for the preparation of standards used in this study is
modified from USEPA Method #7742 (Keith, 1991) and comprised the following
steps:
1. Preparation of selenium standard stock solution (1000 mg/L): 0.3267 g
H2SeO3 was dissolved in 200 mL deionised water and acidified with 1.0 mL of
70% w/v Nitric acid.
 
2. Preparation of selenium working stock solution (1 mg/L): 1 mL of selenium
standard solution was pipetted into a 1 L volumetric flask and brought to
volume with deionised water.
3. Preparation of selenium standards: Selenium standards of 0 (analytical blank),
5, 10, 15, 20, 25, 30, 40 and 50 µg/L were prepared by pipetting 0, 0.25, 0.5,
0.75, 1, 1.25, 1.5, 2 and 2.5 mL of selenium working stock solution into acid-
washed polycarbonate sample containers.  Standards were made to 50 mL
volume with 1M HCl prepared from 10M HCl.  New standards were prepared
daily for selenium analysis.
The 1M HCl solution used in the preparation of selenium standards was used as a
blank for the hydride generation procedure and was introduced into the sample
capillary between samples to flush any remnants of the previous sample out of the
tube, so as to minimise cross-contamination of samples.
4.8.5 Instrument Conditions
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Conditions employed for the analysis of selenium in this study using the Varian
SpectrAA/20 AAS with VGA-76 vapour generation accessory are presented in
Table 4.3 below:
Table 4.3 Instrument Conditions for Analysis of Selenium by HGAAS
Wavelength 196.0 nm
Slit width 1.0 nm
Background correction Deuterium, On
Lamp current 8 mA
Fuel Air-acetylene
Integration period 4 sec
Delay time 40 sec
Replicates 3
Acid-Channel flow rate 0.8 mL/min
NaBH4 Channel flow rate 0.8 mL/min
Sample Channel Flowrate 7 mL/min
Carrier Gas Nitrogen
Carrier Gas Pressure 200 kPa
4.8.6 Calibration Curve
Calibration curves for AAS are obtained by plotting absorbance against
concentration; often the curve will bend towards the concentration axis at higher
concentrations.  The Varian SpectrAA/20 allows for the use of up to five
standards, in addition to the blank, to bracket the expected range of the samples.
Depending upon operating conditions, including the age and performance of the
hollow-cathode lamp (with lamps from different manufacturers being used
throughout the duration of the study), the upper selenium standard concentration
used ranged from 80 to 160 µg/L, above which the calibration curve was found to
be extremely non-linear.  Working in the linear potion of the curve where possible
is accepted analytical practice, as where the slope of the calibration curve
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decreases, so too does precision of the analytical results.  A typical calibration
curve for selenium as used in these analyses is included as Figure 4.8.
Figure 4.8 Typical Calibration Curve for Selenium by Hydride 
Generation Atomic Absorption Spectroscopy
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4.9 TRACE METAL ANALYSIS - OTHER METALS
As part of the validation of sample preparation procedures outlined in Section
4.7.5, analysis of Cores 0-A and 0-B from Vales Point in Lake Macquarie were
performed for selected heavy metals of environmental and/or commercial
importance.  The aim of this component of the study was to identify any observable
trends in metals concentrations with depth, and to determine if correlations existed
between sediment concentrations of selenium and any of the other metals
examined.  These metals studied included Co, Cu, Fe, Mn, Ni, Pb and Zn, although
not all metals were analysed for all cores.  Thes  analyses were also undertaken for
sediments from the top 5 cm (only) of the other cores examined from Sites 1
through 6 in Lake Macquarie to allow for comparison with previously published
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date by Batley (1987) and Roy and Crawford (1984) concerning surficial sediment
metals concentrations, and further to examine for temporal trends in these
concentrations.  Analyses were also conducted f the top 5cm of all cores from
Wyee Creek and for the entire length of the core for selected cores from Wyee
Creek.
Sediment samples for heavy metal analyses were obtained as subsamples from
samples collected for selenium and microbial analyses as previously described.
Frozen subsamples were thawed, wet sieved, and dried at 105 °C for 24 hours as
described in Section 4.7.4.  These samples were then digested in a mixture of
concentrated HNO3/H2SO4 as detailed in Section 4.7.6 and filtered to remove
sediment.  The filtered digest was then analysed by flame atomic absorption
spectroscopy as detailed in Section 4.9.1 below.
4.9.1 Flame Atomic Absorption Spectroscopy
Apparatus
A Varian SpectrAA/20 atomic absorption s ectrophotometer  was used in flame
mode (flame atomic absorption spectroscopy, or FAAS) for the determination of
concentrations of heavy metals in sediments.
Reagents
Analytical Grade reagents obtained from BDH Chemicals, Melbourne, were used
in the determination of heavy metal concentrations by flame AAS to minimise
contamination.  Water used for dissolution and dilution of reagents was deionised
water which was also used as a blank for all metal analyses.  Standards were
prepared from (nominally) 1000 mg/L stock solutions of each element, each
prepared from AnalaR grade salts or from an acid digest of the metal.
Instrument Conditions
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Conditions employed during analysis of sediment heavy metals concentrations that
were specific to each element are presented in Table 4.4.  The Varian SpectrAA/20
system is equipped with a deuterium background correction lamp and, where
indicated in Table 4.4, this correction was used.  For all analyses, an air-acetylene
gas mixture was used for the flame measurements (Air - Instrument Grade, BOC
Gases, Sydney; Acetylene- Instrument Grade, BOC Gases, Sydney), with flowrates
of 3.5 L/min for air and 1.5 L/min for acetylene.  An oxidising flame was
prescribed by the manufacturer for analyses of all elements detailed in Table 4.4.
Sample calibration curves for all elements are presented in the Appendix 2.
Table 4.4 Instrument Conditions for Heavy Metal Analyses
Element Wavelength
(nm)
Slit Width
(nm)
Lamp Current
(mA)
Background
Correction
Co 240.7 0.2 7.0 Off
Cu 324.7 0.5 3.5 Off
Fe 248.3 0.2 5.0 Off
Mn 279.5 0.2 5.0 Off
Ni 232.0 0.2 3.5 Off
Pb 217.0 1.0 5.0 On
Zn 213.9 1.0 5.0 Off
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4.10 SEQUENTIAL EXTRACTION ANALYSIS OF
SEDIMENT-BOUND SELENIUM
As previously noted in Chapter 3, only minimal data on selenium concentrations in
Lake Macquarie sediments had been reported in the literature prior to the research
presented in this study.  Further, these reported concentrations were total
concentrations only and did not seek to break down these total values into their
chemical (i.e., oxidation state) or geochemical (i.e., sediment fraction partitioning)
components.  Total metal and metalloid concentrations do not provide a true
indication of the environmental risks posed by these contaminants in soils and
sediments.  The potential bioavailability of an element in sediments and soils is
affected by its mobility.  This potential to be remobilized can be identified based on
the fractionation of the element within the media between the different geochemical
phases, since total concentrations will include forms which are chemically inert or
unable to be assimilated by biota (Batley, 1987).  Sequential extraction is a
commonly used  method for determining the partitioning of a metal between its
various forms in soil or sediment, including those available for uptake by aquatic
organisms.  Such schemes aim to differentiate between the exchangeable,
carbonatic, reducible (hydrous Fe/Mn oxides), oxidisable (e.g., sulfides, and for Se,
selenides and elemental Se) and residual fractions (i.e., mineral bound, e.g.,
silicates) in sediment or soil samples.  Exchangeable ions, carbonate and oxide
fractions are generally the most mobile and therefore most (potentially) available
(Batley, 1987) for uptake by aquatic organisms.
Two alternate methods for this sequential extraction have emerged in the literature
over the past two decades and are in widespread use, with numerous modifications
and variations, by researchers.  These are the European Community Bureau of
Reference (BCR) sequential extraction method (Whalley and Grant, 1993), and the
method of Tessier et al. (1979).  Both methods have their supporters, and despite
attempts by the European Community Bureau of Reference to standardise the
sequential extraction methodology, studies using the Tessier e  al. m thod or some
other variant of either method continue to appear in the literature (e.g., Rubio et
al., 1993; Legret,  al., 1993; Turnbull, 1995).
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Sequential extraction studies are complicated by the fact that such extractions are
“operationally selective”, depending on the extractant used and the conditions
employed.  Two chemicals presumed to extract the same phase will not necessarily
do so, due to dependence on temperature, pH, salinity and Eh effects (Adriano t
al., 1980).  Both the BCR method and the Tessier t al. method (with
modifications by Orsini and Bermond (1993)) were used in this study to examine
the distribution of selenium between the “operationally-defined” geochemical
fractions of Lake Macquarie sediments in an effort to determine the bioavailable
fraction of selenium in sediments from Lake Macquarie, and also to provide
additional data concerning the relative merits of each procedure.
As detailed in Section 4.1, five sampling sites in Lake Macquarie were chosen
based on their proximity to industrial regions and previous analyses at the same
locations by other researchers, for assessing selenium distribution within sediment
fractions from Lake Macquarie sediment.  These sites are depicted in  Figure 4.1.
Site 1 is in the vicinity of the coal-fired power station at Vales Point while Site 2 is
in a relatively undisturbed area at Nords Wharf (see Figure 4.2 for more detail of
the Nords Wharf site).  Sites 3, 4 and 5 are in the northern part of the lake, which
as previously noted is heavily contaminated by heavy metals (Roy and Crawford,
1984; Batley, 1987).
Duplicate sediment cores at each of the five sampling sites of up to approximately
20 cm length were taken in water depths up to 1 m using acid-washed
polycarbonate core tubes, either mounted on a core sampler or inserted by hand
(Section 4.5.2).  Cores were then sealed with plastic film and stored in an upright
position on ice and upon return to the laboratory they were immediately frozen in
the vertical position to maintain core structure and to minimise oxidation and
speciation changes in the samples (Batley, 1987).
After 10 days, cores were thawed in the upright position under a nitrogen
atmosphere in a glove box at room temperature.  Cores were extruded under
nitrogen by gravity and sectioned into approximately 5cm or 10 cm lengths.
Sections were homogenised using a mortar and pestle and then wet-sieved using
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ultra-pure water (Nanopure II, Barnstead, Australia). The < 63 µm fraction was
used for subsequent analysis to compare results across sediments of different
characteristics (Batley, 1987).
All chemicals used were AnalaR grade (BDH, Australia) unless otherwise
indicated.  Buffalo River Sediment (2704, NIST, USA) and Marine Sediment
(PACS-1, NRC-CNRC, Canada) standard reference materials (SRMs) were also
sequentially extracted and analysed for quality control purposes.
The equivalent of 1 g dry weight of sediment from each section was weighed out
into 50 mL polypropylene centrifuge tubes (Costar, USA), with duplicate samples
analysed for each section. Samples were blanketed with nitrogen and sealed to
minimise oxidation and speciation changes, with all subsequent extractions
performed in these tubes. All sample containers and glassware used were acid-
washed in 2M HNO3 for 48 hours as described in Section 4.7.1.
The Tessier et al. procedure (Tessier et al., 1979; Orsini and Bermond, 1993) used
in this study identified five geochemical fractions within sediment: exchangeable,
carbonate-bound, Fe-Mn oxide-bound, organic matter bound and residual.  Each
equivalent of 1 g of dry sediment was extracted at room temperature for 1 hr with
1 mL of 1M CH3COONH4 adjusted to pH 8.5 with CH3COOH (glacial) with
continuous agitation for 1 hr, to obtain the exchangeable fraction.  The residue
from this was then leached at room temperature with 8 mL of 1M CH3COONH4,
adjusted to pH 5 with CH3COOH (glacial) with continuous agitation for 5 hrs to
extract the carbonate-bound fraction.  The Fe-Mn oxide bound fraction was
extracted by extracting the residue from the previous step with NH2OH.HCl (ACS
Grade, Sigma, Australia) in 25% v/v CH3 OOH at 96 °C in a laboratory oven for
5 hours with occasional hand agitation.  To this residue was then added 3 mL of
0.02M HNO3 and 5 mL of 30% w/v H2O2 adjusted to pH 2 with HNO3; the
mixture was heated to 85 °C in a steam bath with occasional hand agitation for 2
hrs.  A second 3 mL aliquot of 30% w/v H2O2 (pH 2 with HNO3) was added and
the sample heated again to 85 °C in a steam bath with intermittent hand agitation.
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After cooling to room temperature, 5 mL of 3.2M CH3COONH4 in 20% v/v HNO3
was added, the sample diluted to 20 mL and agitated continuously for 30 minutes.
The supernatant was centrifuged and decanted off between extractions, and the
sediment washed using 8 mL of 8.5M CH3COONH4 and agitated for 5 minutes;
this solution was then also decanted off. Use of CH3COONH4 is preferred to
deionised water (Orsini and Bermond, 1993) owing to its copper complexation and
cation exchange properties. Centrifuging was performed at 3,500 rpm for 15
minutes (GS200, Clements, UK).  Agitation was performed in either an orbital
incubator (Galenkamp, UK) at 200 rpm or a flask shaker (Dynamax, Australia).
In comparison with the Tessier et al. procedure, only four geochemical fractions
are defined in the BCR method: exchangeable and carbonate-bound, Fe-Mn oxide-
bound, organic matter bound, and residual (Whalley and Grant, 1993).  Each
equivalent of 1 g of dry sediment was extracted with 40 mL of 0.11M CH3COOH
for 16 hrs at room temperature in an orbital incubator with continuous agitation to
obtain the exchangeable and carbonate-bound fraction.  To ex ract the Fe-Mn
oxide-bound fraction, 40 mL of 0.1M NH2OH.HCl (ACS Grade, Sigma, Australia)
made to pH 2 with HNO3 was then added to the residue from the previous step
which was then resuspended with vigorous manual shaking and shaken for 16 hrs
at room temperature using a flask shaker.  Then, 10 mL of 30% w/v H2O2 was
added to the residue and reacted for 1 hr at room temperature, followed by the
addition of a further l0 mL of 30% H2O2, digested at 85 °C for 1 hr in the steam
bath.  The solution was then reduced to a few millilitres on the steam bath and
allowed to cool before the addition of 50 mL of 1M ammonium acetate (pH 2)
followed by shaking for 16 hrs in the flask shaker. Washing and decanting were
performed as described for the Tessier procedure above.
For both sequential extraction methods, strong acid digests to determine residual
Se were not performed, as it has been shown that little selenium typically occurs in
the residual fraction for most sediments (Cutter, 1986).  Extracts were filtered
through a 0.45 µm membrane filter (Millipore, Australia) to separate dissolved and
suspended constituents, and were converted to the IV oxidation state using the
method of Cutter (1986) and as detailed in Section 4.7.7.  Analysis for Se was
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performed using hydride generation atomic absorption spectrophotometry as
detailed in Section 4.8.
4.11 TOTAL ORGAN IC CARBON ANALYSES
Total carbon, total inorganic carbon and total organic carbon  were determined on
all subsamples from Site 4, and in the 0-5 cm layer of sediment samples collected
from Sites 1, 2 ,3, and 5 on January 10, 1996, as well as in sediment samples from
Wyee Creek.
The samples were prepared by initially drying the sediment to constant weight at
60 °C in a laboratory oven, after which time sediment samples were assumed to be
at dry weight, with no corrections being made for any residual moisture which may
remain in the sample.  Dried sediment samples were then ground manually with an
agate mortar and pestle to reduce the particle size and to ensure the sample was
homogeneous for removal of the subsamples for the two analytical stages of the
analysis.
Total organic carbon in solid samples was determined as the difference between the
total carbon value and the total inorganic carbon value measured for the sample.
Total carbon was measured by first weighing out milligram quantities of the dried,
ground, homogenised sediment sample into an aluminium weighing boat using a
microbalance.  The boat was placed inside a glass lad e which was then inserted
into the furnace chamber of the analyser, with the furnace operating at 950 °C.  All
forms of carbon in the sample were oxidised to carbon di xide which was then
passed through scrubbers to the measurement system (UIC. Coulometer, USA),
which measured the carbon dioxide directly by coulometry.  To determine total
inorganic carbon, again milligram quantities of the dried, ground, homogenised
sediment sample were weighed into an aluminium boat which was placed in a
reaction vessel into which dilute H2SO4 (AnalaR, BDH, VIC) was introduced.
Under the action of dilute acid and heat, only inorganic carbon is released.  The
resulting gas was carried to the scrubbers in the coulometry system and the CO2
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content measured.  The difference between this result and that for total carbon
gave the total organic carbon.  Blanks and standards of known carbon contents
(CaCO3) were used to ensure the quality and consistency of results.
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CHAPTER 5
RESULTS
5.1 BACTERIAL STUDIES
5.1.1 Identification of Bacterial Isolates
Seven distinct bacterial isolates possessing the ability to convert Se(IV) to elemental
selenium were isolated from the sediment and water samples obtained from the field
trip of July 15, 1994.  This was evidenced by the formation of a red precipitate in
media containing selenium, and lack of any precipitate in control cultures with no
selenium added (see Section 4.3.2).  This red precipitate was later shown by X-ray
diffraction (Section 4.6) to be elemental selenium.  Additionally, although all 7
organisms were able to tolerate S (VI) levels up to 14 mg/kg, no red precipitate was
formed in any of these cultures and so the metabolic use, if any, of Se(VI) by these
isolates was unable to be determined at this stage of the study.  The utilisation of
Se(VI) by micro-organisms from Lake Macquarie was later investigated (see Section
5.2.2).
Identification of these isolates to genus and species level was undertaken by analysis
of fatty acid composition of the organisms using GC techniques as detailed in Section
4.4.2.  Similarity indices for each isolate (from 0 to 1, with 0 being no match and 1
being a perfect match), as determined by the method detailed in Section 4.4.2 are
presented in Table 5.1, as well as genus and species matches.  Excellent matches were
obtained for organism 30-8-3-A (Isolate 3) and organism 30-8-4-A (Isolate 4) of
0.707 and 0.775, respectively.  Isolate 3 matched with Bacillus brevis and Isolate 4
with Bacillus sphaericus.  Isolates 1, 2 and 7 recorded low values for the similarity
indices with the isolates recording values of 0.124, 0.102 and 0.016 respectively,
indicating that the species matches should be used as a guide only.  Isolate 6 had a
relatively significant match with Cellulomonas biozotea with an index of 0.364; less
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significant matches were also returned for this isolate against three Bacillus speci s.
Complete GC results for the isolates are included in Appendix 3.  A dendogram
analysis of the fatty acid analyses on the isolates, which shows similarity between the
isolates, was also completed and is included in Appendix 3.  Isolates 5 and 7 wer
considered to be related at the genus level and possibly at the species level.  Isolates 1
and 4 were probably matched at the genus level.  The remainder of the bacterial
isolates were not closely related to each other according to the dendogram analysis
(Bradley, 1994).
Table 5.1 - Identification of Bacterial Isolates Based on GC Fatty Acid Analysis
Isolate Genus/Species Similarity Comments
30-8-1 Bacillus 0.124 Bacillus cereus group
30-8-1  B. mycoides 0.124 Bacillus cereus group
30-8-1   B. m. GC subgroup A 0.124 Bacillus cereus group
30-8-2-A Shewanella 0.102 Alteromonas/P. putrefaciens
30-8-2-A  S. putrefaciens 0.102 Alteromonas/P. putrefaciens
30-8-3-A Bacillus 0.707
30-8-3-A  B. brevis 0.707
30-8-4-A Bacillus 0.775
30-8-4-A  B. sphaericus 0.775
30-8-4-A   B. s. GC subgroup IV 0.775
30-8-4-A   B. s. GC subgroup III 0.542
30-8-4-A   B. s. GC subgroup IIB 0.457
30-8-5-A No Match
30-8-6-A Cellulomonas 0.364
30-8-6-A  C. biazotea 0.364
30-8-6-A Bacillus 0.199
30-8-6-A  B. lentus 0.199
30-8-6-A  B. polymyxa 0.183
30-8-6-A  B. brevis 0.112
30-8-7-A Pseudomonas 0.016
30-8-7-A  P. alcaligenes 0.016
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5.1.2 Selenite (Se(IV)) Reduction by Individual Bacterial Isolates
In qualitative studies at 1, 10 and 100 mg/L selenium as selenite (Se(IV)), all seven
isolates obtained from the sampling trip of July 15, 1994 were found to grow well in
the nutrient media containing added selenite.  In flasks containing bacteria and
selenite, a red precipitate (elemental selenium) was observed to form.  Figure 5.1
shows the formation of the red coloration and precipitate in the media over the course
of four days.  In Figure 5.2, the variation in col ur intensity of the media solution with
initial media concentration of selenite (0, 1, 10 and 100 mg/L) is shown after a period
of several days.
Analysis of media selenium concentrations by HGAAS (Section 4.8) revealed a drop
in selenite levels in the solution (of up to 100 % in some instances) that could not be
accounted for by adsorption of selenium to the flask walls or by loss due to
volatilisation.  Adsorption and/or loss of selenium in a control flask, stored and
sampled as per the flasks containing bacteria, was studied over a three week period,
with selenium concentrations in the control flask only decreasing by approximately
10% at the end of this period from an initial concentration of 100 mg/L (Figure 5.3).
No formation of a red precipitate was observed in control flasks containing selenite
and no bacteria at the three concentrations studied (1, 10 and 100 mg/L), and over
shorter time periods.  The decrease in selenium concentration in these flasks was
essentially equivalent to that observed in the three-week adsorption sample and this is
shown in Figure 5.4.
The ability of organisms isolated from sediment and water samples from Lake
Macquarie to effect removal of selenite from the media solutions, as determined by
HGAAS, varied with both the individual bacterial isolate studied and with initial
selenium concentrations.  For example, at a media selenite concentration of 100 mg/L,
Isolate 5 experienced a lag time of at least 33 hours before growth and reduction of
selenium commenced, as shown in Figure 5.5, with a selenite reduction of
approximately 10% recorded.
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Figure 5.1 - Growth and Formation of Red Precipitate Over Time
Results for Isolate 6, illustrating bacterial growth and formation of red precipitate
(Se(0)) over time.  Flasks correspond to (from left) 0, 1, 2, 3 and 4 days since
inoculation.
Figure 5.2 - Variation in Colour of Precipitate with Initial Media Selenite Levels
Results for Isolate 6, illustrating bacterial growth at various initial selenium (Se(IV))
concentrations.  From left: 100 mg/L, 10 mg/L, 1 mg/L, 0 mg/L.
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Figure 5.3 - Adsorption or Loss of Selenium Fro  Control Flasks
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Figure 5.4 - Selenium Concentrations in Control Flasks
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While this is within the range of the standard deviation for the initial concentration in
the solution as determined by HGAAS, the formation of red precipitate in the solution
indicated that some selenium reduction did actually occur.
At lower selenium concentrations studied with this isolate, considerable lag times
before the commencement of growth and the concomitant reduction of selenium were
also observed as seen in Figure 5.5.  At a media selenite concentration of 10 mg/L,
there was a lag of at least 28 hours before growth and selenite reduction commenced,
whilst at a selenite concentration of 1 mg/L the lag time was at least 27 hours before
reduction and growth occurred.  The percentage of selenite removed from solution
was greater at lower initial selenite concentrations for this organism - with an initial
selenite concentration of 10 mg/L a 50% reduction in media selenium was achieved
after 69 hours, whilst for an initial selenite concentration of 1 mg/L, a 67% reduction
was achieved after 76 hours.
Figure 5.5 Selenite Reduction by Isolate 5 Showing Lag Time
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By comparison, selenium reduction and growth of Isolate 6 is shown in Figures 5.6 -
5.8 and for Isolate 2 in Figures 5.9 - 5.11 for concentrations of 100, 10 and 1 mg/L
selenite for each isolate, respectively.  Complete removal of selenite from the media
solution was observed for Isolate 6 at all three concentrations - within approximately
80 hours for 100 mg/L, 55 hours for 10 mg/L and 40 hours for 1 mg/L.  Complete
removal of selenite from the media solution was also observed for Isolate 2 at 100
mg/L within 71 hours, and by 52 hours at 1 mg/L, with 90% reduction in media
selenite concentration being observed at 10 mg/L after 26 hours.
Biomass growth and selenite reduction curves for Isolates 1, 3 and 7 at a selenium
media concentration of 100 mg/L are shown in Figures 5.12 - 5.14.  Complete data
regarding selenite reduction by all isolates at all concentrations is included in
Appendix 4.
Specific uptake rates (QSe), yields (YXS) and specific growth rates (m) for each isolate
at the three selenite concentrations studied (1, 10 and 100 mg/L) are presented in
Table 5.2.  Metabolic parameters presented in this table were calculated according to
Section 4.4.8.  Note that QSe is presented in Table 5.2 in units of mgSe(IV).
(gcells)-1.(h)-1, whilst YXSe is presented in units of gcell (mgSe(IV))-1, the former to
facilitate comparison with other data on specific uptake rates for selenium published in
the literature.
Subsequent to the studies relating to selenite reduction by bacteria from Lake
Macquarie, for which results have been presented above, Kim (1998) continued this
work by isolating from mixed cultures of indigenous Lake Macquarie micro-
organisms (see Section 5.1.4) four bacteria which were capable of reducing selenite to
selenium in the presence of nitrate and sulfate.  Kim (1998) identified these by fatty
acid analysis (MIDI system) and 16S rDNA analysis.  Growth media used in these
studies was a nutrient broth, with 20 M phosphate (pH 7.0) and 5 nM glucose.  In
addition, Kim (1998) tested for the effect of nitrate, nitrite, sulfate, and sulfite on the
selenite reduction, and also analyzed where the elemental selenium was accumulated
(extracellular or intracellular) using transmission electron microscopy and X-ray
analysis.
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A summary of these results relating to these four organisms is presented below and is
included with permission from the author of the results (Kim, 1998).
1. Providencia rettgeri
Selenium deposition by this organism is as an extr cellular granule.  Selenite reduction
was found to be inhibited by sulfite, but not by nitrate, nitrite or sulfate.  Selenite
reduction was activated by the addition of glucose and citrate.
2. Bacillus thuringiensis
Selenium deposition by this organisms is as an intracellular granule.  Selenite
reduction was found to be inhibited by sulfite, but not by nitrate, nitrite and sulfate.
Selenite reduction was activated by the addition of glucose, sucrose, and acetate.
Bacillus thuringiensis was found to remove nitrate and nitrite during growth.
3. Bacillus amyloliquefaciens
Selenium deposition by this organisms was found to be as an extr cellular,
amorphorous, electron-dense material.  Selenite reduction was inhibited by nitrite and
sulfite, but not by nitrate and sulfate.  Selenite reduction was activated by the addition
of glucose and citrate.  Bacillus amyloliquefaciens was found to remove nitrate and
nitrite.
4. Pseudomonas syringae
Selenium deposition by this organisms was found to be as an extracellular granule.
Selenite reduction was inhibited by sulfite, but not by nitrate, nitrite and sulfate.
Pseudomonas syringae was found to be unable to remove nitrate or nitrite.
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Figure 5.6 - Selenite Reduction by Isolate 6, 100 mg/kg Se(IV)
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Figure 5.7 - Selenite Reduction by Isolate 6, 10 mg/kg Se(IV)
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Figure 5.8 - Selenite Reduction by Isolate 6, 1 mg/kg Se(IV)
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Figure 5.9 - Selenite Reduction by Isolate 2 at 100 mg/kg Se(IV)
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Figure 5.10 - Selenite Reduction by Isolate 2 at 10 mg/kg Se(IV)
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Figure 5.11 - Selenite Reduction by Isolate 2 at 1 mg/kg Se(IV)
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Figure 5.12 - Selenite Reduction by Isolate 1 at 100 mg/kg Se(IV)
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Figure 5.13 - Selenite Reduction by Isolate 3 at 100 mg/kg Se(IV)
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Figure 5.14 - Selenite Reduction by Isolate 7 at 100 mg/kg Se(IV)
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5.1.3 Selenate (Se(VI)) Reduction by Individual Bacterial Isolates
As previously discussed (Section 4.4.2), a single nutrient media concentration of 100
mg/L selenate only was studied for the experiments studying selenium reduction by
individual bacterial isolates.  All isolates were found to grow well in the nutrient
media containing added selenate, with the exception of Isolate 6, which failed to grow
initially and upon re-inoculation, and so was not considered further in these Se(VI)
studies.  Unlike flasks containing bacteria and selenite, where a red precipitate
(elemental selenium) was observed to form, no red precipitate was observed to form
in any of the flasks examined.  However, a characteristic odour was found to be
associated with isolates grown in media containing Se(VI), and this was later
determined to be due to volatile selenium compounds being evolved from the cultures
(see Section 5.2.7).
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Table 5.2 - Metabolic Parameters Associated with Isolates Reducing Selenite
Isolate Initial [Se]
mg/L
m
(h)-1
QSe
mgSe.(gcells)-1.(h)-1
YXSe
gcell mgSe-1
1 100
10
1
0.013
0.031
0.019
1320
710
40.3
0.010
0.044
0.479
2 100
10
1
0.015
0.031
0.019
3040
351
34.3
0.005
0.089
0.563
3 100
10
1
0.008
0.036
0.005
1680
767
104
0.005
0.047
0.359
4 100
10
1
0.012
0.036
0.019
650
838
36.3
0.019
0.043
0.532
5 100
10
1
0.012
0.014
0.013
429
763
111
0.029
0.019
0.120
6 100
10
1
0.013
0.018
0.023
1830
260
31.9
0.007
0.070
0.709
7 100
10
1
0.023
0.045
0.019
1150
644
23.9
0.02
0.07
0.809
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Biomass growth curves and change in selenate and total selenium concentrations in
the media with time for the 6 viable isolates studied are presented in Figures 5.15
through 5.20 below.  Metabolic parameters calculated for these organisms are
included in Table 5.3.  Data from the experimental runs involving selenate reduction
and which was used in the preparation of these figures is presented in Appendix 5.
Analysis of media selenium concentrations revealed a decrease in media selenate levels
in all cultures studied, although the maximum percentage reduction of selenate
recorded (48% for Isolate 7) was considerably less than that calculated for the
reduction of selenite.  In addition, usage of selenate by these isolates appeared to be
considerably slower than that determined for selenite, with periods of up to 7-8 days
required to effect up to approximately 50% removal of selenate.
No selenite was detected in any of the samples over the period of incubation.  While
total selenium concentrations in some samples were also found to decrease in parallel
with selenate concentrations, total selenium concentrations were also seen to remain
approximately stable in other sample flasks throughout the course of the incubation.
This is discussed in further detail in Chapter 6.
Specific uptake rates for selenate with an initial media concentration of 100 mg/L
ranged from 119-833 µgSe(IV).(gcells)-1.(h)-1, with an average rate of 495
µgSe(IV).(gcells)-1.(h)-1, compared with a range for selenite uptake, again at an initial
media concentration of 100 mg/L, of 429-3040 µgSe(IV).(gcells)-1.(h)-1 and with an
average of 1380 mgSe(IV).(gcells)-1.(h)-1.  (Note that this average excludes the
specific uptake rate on selenite calculated for Isolate 6, which failed to grow in
selenate in these experiments).  With the inclusion of the rate for Isolate 6 from the
selenite studies, the average uptake rate on selenite is 1440 mgSe(IV).(gcells)-1.(h)-1.
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Figure 5.15 - Selenate Reduction by Isolate 1 at 100 mg/kg Se(VI)
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Figure 5.16 - Selenate Reduction by Isolate 2 on 100 mg/kg Se(VI)
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Figure 5.17 - Selenate Reduction by Isolate 3 on 100 mg/kg Se(VI)
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Figure 5.18 - Selenate Reduction by Isolate 4 on 100 mg/kg Se(VI)
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Figure 5.19- Selenate Reduction by Isolate 5 on 100 mg/kg Se(VI)
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Figure 5.20 - Selenate Reduction by Isolate 7 on 100 mg/kg Se(VI)
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Table 5.3 - Metabolic Parameters Associated with Isolates Reducing Selenate
        from an Initial Concentration of 100 mg/L
Isolate m
(h)-1
QSe
mgSe.(gcells)-1.(h)-1
YXSe
gcell mgSe-1
% removal
(time period)
1 0.016 319 0.051 20% (8 days)
2 0.009 119 0.077 15% (8 days)
3 0.008 396 0.02 42% (8 days)
4 0.013 833 0.016 47% (7 days)
5 0.018 512 0.035 35% (7 days)
7 0.01 791 0.012 48% (7 days)
5.1.4 Selenium Reduction by Mixed Bacterial Cultures on Nutrient Media
Sediment samples obtained from throughout Lake Macquarie during the wet-weather
event of January 10, 1996 were used for plate counts of total and selenium tolerant
organisms within the sediments, and to study selenium reduction by mixed cultures
from the Lake.
Plate count results expressed as organisms per gram of sediment, are detailed in
Appendix 6.  Organisms were plated onto nutrient agar plates containing: no
selenium; 10 mg/L selenite; and 10 mg/L selenate.  Plate counts for each of these
ranged between 0 and greater than  2.5 x 106 organisms per gram of sediment.
The variation in the ability of mixed cultures isolated from different depth in a
sediment core was examined as shown in Figure 5.21 below.  Two adjacent cores
were collected from the vicinity of the Vales Point Power Station in the south of the
lake and sectioned into 5 cm sections.  Selenium reduction of isolates (as mixed
cultures) obtained from these sections was then investigated as detailed in Section
4.4.3.  From Figure 5.21, two broad trends can be observed - a decrease in the
percentage reduction of added selenium with the original depth of the isolated culture
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Figure 5.21 Selenium Oxyanion Reduction with Depth in Mixed Cultures 
from Vales Point Sediments
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Figure 5.22 Selenium Oxyanion Reduction by Mixed Cultures Isolated from 
Sediments at Six Locations within Lake Macquarie
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and a concomitant increase in the percentage reduction of selenate with depth.
Selenite and selenate reduction ability by mixed cultures from the six sites (see Figure
4.1) examined throughout the Lake are presented in Figure 5.22.  Values presented
for percentage selenium reduction are the average of the two cores taken at each site.
Mixed cultures were isolated from the top 5 cm of sediment from each of the six sites.
Considerable variation in selenium reduction ability was encountered, both within a
site for selenite and selenate reduction capacity, and between geographically dispersed
sites.  Average selenite reduction ranged from approximately 40 - 80 %, while
reduction of selenate ranged from approximately 20 - 100 %.
5.1.5 Minimum Inhibition Concentrations of Selenium for Mixed Cultures
Minimum Inhibitory Concentrations (MICs) for selenate and selenite were determined
for bacteria isolated from sediment cores taken from Lake Macquarie on January 10,
1996 using the method as described by Brock and Madigan and as applied to
selenium-tolerant bacteria by Riadi (1994).  Selenium concentrations of 0, 1, 10, 100,
500 and 1000 mg/L selenium (as selenate and selenite) were studied, and results from
the MIC study are included in Table 5.4.
Two isolates from each location and/or depth (as detailed in Table 5.4) were
examined - one having been isolated on media containing selenate and the other on
media containing selenite.  As can be seen from Table 5.4,  despite contamination of
sample 1A-20-4 at 500 mg/L Se(IV), the MIC obtained for this study for isolates
grown on nutrient media containing added selenite is 100 mg/L Se(IV).  Further study
would be therefore needed within a selenium media concentration range of 10-100
mg/L Se(IV) to determine more precisely this MIC.  It is difficult to state clearly the
MIC for selenate from the data in Table 5.4 because of the seemingly abb rative
results obtained by some isolate cultures exposed to 100 and 500 mg/L Se(VI).
Given that all cultures exhibited growth at the highest selenate concentration
examined, and despite the recording of “no growth” at the lower concentrations for
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certain of the organisms, it is concluded that the MIC for selenate for these organisms
is greater than 1000 mg/L Se(VI).
5.1.6 Determination of Preferred Carbon Source for Mixed Cultures
From the data presented in Table 5.5, casein hydrolysate was clearly seen to be the
favoured carbon source by the mixed cultures in media containing either selenate or
selenite at 10 mg/L.  Growth on acetate and lactate was modest to weak for all
cultures in comparison to growth on casein hydrolysate, whilst growth on ethanol was
for all cultures seen to be either weak or non-existent.  From this qualitative
experiment, casein hydrolysate was determined to be the universally-preferred carbon
source for the organisms and as such was utilised in subsequent experiments involving
basal salts media as detailed in Section 4.4.6.
5.1.7 Selenium Reduction by Mixed Cultures on Defined Media Containing 
Casein-Hydrolysate.
Selenium concentration and speciation data for selected cultures from three of the
Nords Wharf sites are included in Table 5.6.  From these results, it is apparent that
selenite reduction is only occurring with organisms exposed to selenite concentrations
of 10 mg/L; nominal selenite concentrations of 50 mg/L are seen from Table 5.6 to
completely inhibit reduction of selenite as seen by the total selenium and Se(IV)
concentrations after 12 days of incubation.  This would indicate that, at least for basal
salts media amended with casein hydrolysate as a carbon source, the MIC for selenite
is less than 50 mg/L (noting that MICs as determined for these organisms (see Section
5.1.5 and Section 4.4.4) were using nutrient media instead of the casein-amended
basal salts media).
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Table 5.4 Minimum Inhibition Concentrations of Selenium for Mixed 
Cultures
mg/L Se
Cultures 0 1 10 100 500 1000
Selenite
1A-5-4 G G G NG NG NG
1A-10-4 G G G NG NG NG
1A-15-4 G G G NG NG NG
1A-20-4 G G G NG Note 1 NG
1A-25-4 G G G NG NG NG
2B-5-4 G G G NG NG NG
3A-5-4 G G G NG NG NG
4B-5-4 G G G NG NG NG
5A-5-4 G G G NG NG NG
6B-5-4 G G G NG NG NG
Selenate
1A-5-6 G G G G G G
1A-10-6 G G G NG G G
1A-15-6 G G G G G G
1A-20-6 G G G NG G G
1A-25-6 G G G NG G G
2B-5-6 G G G NG G G
3A-5-6 G G G NG G G
4B-5-6 G G G G NG G
5A-5-6 G G G NG G G
6B-5-6 G G G G G G
Note 1: contamination (red precipitate and colouration of solution) apparent.
G = Growth
NG = No Growth 
Both compared visually to control media.
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Selenate results are more problematic in their interpretation.  No inhibition was
observed at the 50 mg/L level as for selenite, as would be expected from the MIC for
all cultures being studied exceeding 1000 mg/L selenate on nutrient media (Section
5.1.5).  From the data presented above, selenium as selenate is converted by the
mixed organisms in the media into selenium in the organic, S (0+II) fraction which
does not appear to be lost from the solution due to volatilisation (although the organic
selenium may be in equilibrium with volatile selenium in the headspace).  This finding
is supported by findings from earlier work on individual isolates from Lake sediments
grown in nutrient broth (Section 5.1.3).  A lack of visible precipitate in the culture
media does not support the formation of elemental selenium, which in any event
would have been trapped on the filter prior to HGAAS analysis of the filtrate.  Hence,
from the results presented in Table 5.6, selenium as selenate appears to be undergoing
reduction by these organisms to the II oxidation state.
5.1.8 Identification of Volatile Selenium Compounds Released by Mixed 
Cultures
The study of volatile selenium compounds produced by mixed cultures of
microorganisms in Lake Macquarie sediment comprised two parts: i) verification that
previous evidence of utilisation of selenate by both individual bacterial isolates and by
mixed bacterial cultures also applied to microorganisms within sediment samples
obtained from the Lake; and ii) identification of volatile compounds in the headspace
gases where the previous analyses indicated that selenate was converted to reduced
selenium forms below selenite (Se(IV)).
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Table 5.5 Growth of Mixed Cultures on Basal Salts Media Containing 
10 mg/kg Selenium and One of Four Carbon Sources
Growth 1A15(4) 1A15(6) 4B15(4) 4B15(6) 6B5(4) 6B5(6)
Strong Casein Casein Casein Casein Casein Casein
Medium Lactate
acetate
Lactate Acetate
Lactate
Lactate
Acetate
Acetate
Lactate
Lactate
Acetate
Weak Acetate/
Ethanol
None Ethanol Ethanol Ethanol Ethanol Ethanol
Notes:
1. (4) and (6) after the culture label indicate that the culture was initially isolated on
and here was being grown in media containing selenium as selenite (IV) or
selenate (VI), respectively.
 
2. Qualitative observations of growth (“Strong”, “Medium”, “Weak” and “None”)
were made in comparison to a control tube which contained media and no
inoculum.  An observation of “None” indicated that the tube remained clear; an
observation of “Weak” indicated that the tubes exhibited some growth, but this
was predominantly settled at the bottom of the tube or the media was only slightly
cloudy; “Medium” indicated that the media in the tubes had turned cloudy; and
“Strong” growth indicated that the cloudiness in the media was extremely dense.
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Table 5.6 Selenium Speciation and Concentration in Cultures after 
12 Days Growth in Basal Salts Media with Casein Hydrolysate 
and Selenium
Species
Culture and [Se]Se(Total) Se(IV) Se(VI) Se(II+0)
2B54A 10 mg/L 5.5 0.6 0 4.9
2B54B 10 mg/L 2.3 2.1 0 0.2
2B54A 50 mg/L 49.5 49.5 0 0
2B54B 50 mg/L 49.6 50.4 0 0
3A54A 10 mg/L 1.6 2.2 0 0
3A54B 10 mg/L 1.7 1.4 0 0.3
3A54A 50 mg/L 49.7 50.3 0 0
3A54B 50 mg/L 47.1 51.0 0 0
5A54A 10 mg/L 0.8 0.1 0 0.7
5A54B 10 mg/L 1.0 0.1 0 0.9
5A54A 50 mg/L 43.9 49.5 0 0
5A54B 50 mg/L 46.8 48.2 0 0
2A56A 10 mg/L 9.4 0 0 9.4
2A56B 10 mg/L 9.8 0 0 9.8
2A56A 50 mg/L 49.2 1.0 0 48.2
2A56B 50 mg/L 48.6 0 0 48.6
3B56A 10 mg/L 8.9 0 0 8.9
3B56B 10 mg/L 8.2 0 0 8.2
3B56A 50 mg/L 55.1 0 0 55.1
3B56B 50 mg/L 48.2 0 0 48.2
5A56A 10 mg/L 10.0 0 0 10.0
5A56B 10 mg/L 5.9 0 0 5.9
5A56A 50 mg/L 53.1 0 0.2 52.9
5A56B 50 mg/L 61.7 0 0 61.7
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Up to 100% removal of selenate from the nutrient broth was found for the bacterial
cultures studied, with all cultures effecting reduction of selenate concentrations in the
media of greater than 37%.  In all cultures studied selenite (Se(IV)) was produced in
the media after 4-8 days.  From mass balance considerations as depicted in Figures
5.23 - 5.26, some of the selenate in all of the cultures studied was converted to
selenite; however, the inability to close the mass balances on selenium for the cultures
indicated that in addition to conversion of selenate to selenite, the mixed cultures
were converting selenate into volatile forms of selenium which were then lost from the
nutrient media into the headspace of the Erlenmeyer flask.  For example, in Figure
5.26 with culture 4A1, the selenium which cannot be accounted for (being the
difference between total selenium and the sum of selenate and selenite concentrations)
is initially at a level of 3 mg/L after two days, rising to a maximum of 18 mg/L after
four days and then decreasing to 3 mg/L at the end of the experimental run (after 14
days).  While the quantity of selenium that is unaccounted for is small, evidence as to
the presence of volatile selenium compounds being produced by the cultures is
provided by the production of the characteristic “garlicky” smell associated with these
compounds.
Figure 5.23 Selenate Reduction by Culture 1A2 Showing Trends in Total 
Selenium and Selenite Media Levels
(error bars not shown but estimated at +/- 10%)
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The existence of volatile selenium and sulfur compounds (the latter likely evolved
from proteins in the media) was later demonstrated by GC/MS analysis as detailed
below.
Having established that at least some selenium as selenate was being converted by the
mixed cultures of organisms from the sediments of Lake Macquarie as detailed above,
analysis of headspace gases from selected cultures was undertaken to positively
identify the headspace gases present as containing selenium (see Section 4.4.7).
Figure 5.24 Selenate Reduction by Culture 2A1 Showing Tre ds in Total 
Selenium and Selenite Media Levels
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Analysis of headspace gases by GC/MS positively identified a number of selenium and
sulfur species in the gases and provided tentative identification of other volatile
selenium and sulfur species.  Table 5.7 details the molecular species identified in the
headspace gases from the GC/MS chromatograms.  Figures A7.1 through A7.10 in
Appendix 7 depict chromatograms for each of the three cultures studied, and for each
of these depicting individual time scans showing abundance vs. mass, as well and
magnified chromatograms for each culture.
225
Figure 5.25 Selenate Reduction by Culture 3A1 Showing Trends in Total 
Selenium and Selenite Media Levels
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Figure 5.26 Selenate Reduction by Culture 4A1 Showing Tre ds in Total 
Selenium and Selenite Media Levels
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Appendix 8 contains the remaining selenate reduction and bacterial growth curves for
the cultures studied as Figures A8.1 through A8.12, whilst Figure A8.17 in Appendix
8 details selenium speciation and concentrations in the control flask over the course of
the study.
Table 5.7 Metabolic Growth Parameters for Sediment Microorganisms 
Grown on Selenate
Culture m
(h)-1
QSe
mgSe.(gcells)-
1.(h)-1
YXSe
gcell mgSe-1
% removal after
14 days
Se(Total)/Se(VI)
1A1 0.0028 37 0.077 43 63
1A2 0.0070 500 0.014 45 53
1B1 0.0065 3229 0.002 45 100
1B2 0.0123 1332 0.0092 26 48
2A1 0.0055 410 0.0135 37 69
2A2 0.0113 1771 0.0064 28 50
2B1 0.0105 466 0.0226 34 51
2B2 0.0171 844 0.0203 35 100
3A1 0.0115 978 0.0118 45 91
3A2 0.0072 360 0.02 30 100
3B1 0.0084 1238 0.0068 41 54
3B2 0.0105 344 0.0304 28 97
4A1 0.0057 283 0.02 38 58
4A2 0.0103 276 0.0373 30 59
4B1 0.0104 606 0.0172 39 61
4B2 0.0060 329 0.0181 27 100
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Table 5.8 Volatile Species Identified in Culture Headspace Gases
Culture Species Detected Chemical Formula
1A2 Dimethylselenyl sulfide
Dimethyldisulfide
Dimethyltrisulfide
CH3-S-Se-CH3
CH3-S-S-CH3
CH3-S-S-S-CH3
4B1 Dimethylselenyl sulfide
Dimethyldisulfide
Dimethyltrisulfide
Dimethylselenyltrisulfide
Methanethiol*
CH3-S-Se-CH3
CH3-S-S-CH3
CH3-S-S-S-CH3
CH3-S-Se-S-CH3
CH3-S-H*
1B1 Dimethyldisulfide
Dimethylselenide*
Dimethyldiselenide*
Methaneselenol*
CH3-S-S-CH3
CH3-Se-CH3*
CH3-Se-Se-CH3*
CH3-Se-H*
Note: Species marked with a * wereonly tentatively identified in the headspace
gases - see Chapter 6.
5.1.9 Bioremediation of Selenium Using Indigenous Micro-organisms
As detailed in Section 4.1.4, sediment samples were collected from various sites
throughout Lake Macquarie so as to isolate fresh organisms for use in the bioreactor
experiments.  Turbidity results after 24 hours for the growth of the culture used in the
bioreactor experiments, culture C1A1, are shown below in Table 5.9.
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Table 5.9 Turbidity Observations for Growth of C1A1 in Different Media
Test tube Growth
2TY Media +
2TY Media + 500 mg/L Se(IV+) ++
Nutrient Broth ++
Nutrient Broth + 500 mg/L Se(IV+) +++
In the media without selenite, the bacteria had the appearance of an opaque, white,
filamentous mass.  In the media containing 500 mg/L of selenium, a reddish colour
was noted on the aggregate mass of cells before being shaken.
The selenite-dosed nutrient broth was used for the three runs using the apparatus and
method described in Section 4.6.
The solution was initially a clear yellow nutrient broth colou , becoming turbid
(cloudy) as time progressed.  A characteristic ‘garlicky’ smell was noticed in all three
runs, suggesting the possible volatilisation of selenium to methylated selenium
compounds in addition to reduction to elemental selenium.  All runs began to change
colour, graduating from an orange-brown through to an orange-red and finally a
darker red.  Run 1 and 2 were both very similar in terms of visual appearance, a
homogenous cloudy red suspension.  Run 1 was slightly different, with some
precipitate adhering to the sides of the vessel above the water line and on the stirrer,
leaving the solution a cloudy orange-red colour, although not as red as the other two
runs at the same stage.  On completion of the run, the remaining solution was
centrifuged and the precipitate analysed by x-ray diffraction. It was found to be
elemental selenium in amorphous form.  Samples were removed via the sample line,
with some used for absorbance measurements and the rest frozen until the end of the
run for analysis with FAAS.  5 mL of the samples from Run 2 were employed to
create a correlation between absorbance and biomass (cell concentration) at 560 nm
for C1A1.
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Filter papers were weighed prior to filtering, the samples filtered and the papers dried
overnight and re-weighed.  Some error may have been introduced, as the filter papers
stuck to the petri dishes in which they were dried, making the entire filter paper
difficult to detach.  The initial weight was subtracted from the final measurement and
the mass of the cells (gcell/L) recorded.  The correlation is shown in Figure 5.27
below. The straight line is the regression of the actual data, and was used to apply to
absorbance data obtained from the runs to determine cell concentration (g ell/L).
Figure 5.27 Correlation of Biomass and Absorbance
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Each run varied in length, taking between 95 and 160 hours, during which time
samples were taken as frequently as possible. Absorbance was measured at the time of
sampling, allowing progress to be graphed progressively. The correlation above was
then employed to calculate the cell concentration as shown in Figures 5.28-5.30.
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Figure 5.28 Effect of time and microbial growth of bacterial culture C1A1
on Selenite reduction - Run 1 (500 mg/L)
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Figure 5.29  Effect of time and microbial growth of bacterial culture C1A1
on Selenite reduction - Run 2 (250 mg/L)
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Figure 5.30 Effect of time and microbial growth of bacterial culture C1A1
on Selenite reduction - Run 3 (100 mg/L)
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above.  On completion of FAAS analysis, the reduction of selenite was plotted on the
same graph to obtain a better understanding of the bacteria’s reduction capabilities
and the stage at which reduction occurred.  Using the information contained in the
above three figures, characteristics of the bacteria, C1A1, were calculated and are
shown in Table 5.10, which also summarises overall reduction of selenite to elemental
selenium (and possibly methylated selenium).
Table 5.10 Metabolic Parameters Calculated for Bacteria C1A1
Run
Specific
Growth Rate
m (hours-1)
Cell Yield
YXSe
(gcell/mgSe)
Specific Uptake
Rate Selenite   QSe
(mgSe4+/gcell.hour)
Initial
[Se]
mg/L
%
Reduction
1 0.11 36.60 2.9620 500 28.26
2 0.13 50.53 2.5857 250 22.80
3 0.07 87.85 0.8280 100 24.03
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5.2 SEDIMENT STUDIES
5.2.1 Validation of Sample Preparation Procedures
The preparation of sediment samples from Lake Macquarie entailed a number of
assumptions being made in relation to sample preparation procedures (Section 4.7.4).
Specifically, these were:
i) Dry Weight Corrections:  To avoid potential loss of selenium due to the volatility
of selenium in samples dried at 105 °C, sediment samples for selenium analysis
only were dried at 60 °C. As part of this study, the need to introduce a weight-
correction factor to normalise sediment samples dried at 60 °C to those dried at
105 °C was investigated.  Calculations cited in Appendix 1, Section A1.4 showed
that the impact of the moisture differences (where a positive difference exists)
between sediment samples dried at 60 °C nd 105 °C was negligible for sediments
from Lake Macquarie.  As such, it was concluded that no correction factor would
be applied to selenium concentrations based on sediment dried at 60 °C, and that
such selenium concentrations would be considered to be on a 105 °C dry-weight
basis, for sediments obtained from sites within Lake Macquarie.  However,
sediment samples obtained from Wyee Creek and analysed for selenium were
corrected for moisture content as the difference for these samples was found to be
small but non-negligible in this instance.  Therefore, an evaluation of the need to
correct 60 °C dry weights to 105 °C dry weights appears to be a necessary part of
sediment studies on selenium.
 
ii) Remobilisation and Loss of Selenium in Wet-Sieving: The wet-sieving procedure
for sediments described in Section 4.7.3 resulted in < 63 µm sieved sediments
being in contact with the wash-water used to carry them through the 63 µm mesh
for up to 5 days.  Remobilisation of selenium from the sediment into the overlying
wash-waters, which are then discarded, was previously noted (Section 4.7.4) as a
potential concern, with the possibility that sediment selenium concentrations will
underestimate the actual selenium concentrations in the sediment due to loss of
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selenium into the wash-water. Results for total selenium concentrations in the
wash-water (in Appendix 1) showed that some remobilisation of selenium from
the sediment into the overlying wash-water does occur.  Expressed as a
percentage of the total selenium recovered from the sediment by HGAAS, the
amount of selenium lost from the sieved sediment represents only a small fraction
(between 1-4 %) of the total selenium determined in the sediment.  Therefor ,
wet-sieving of sediments using the method described in Section 4.7.3 was
considered for the purposes of this research to result in negligible remobilisation
of selenium from the sieved sediments into the overlying wash-water and was
therefore considered a valid procedure for obtaining the < 63µm and > 63µm,
< 2 mm sediment fractions for analysis.
 
iii) Selenium Partitioning Between Sediment Size Fractions: With the exception of the
peak in total selenium concentration of 2.5 mgSe/kg sediment recorded for Core
0-A in the > 63 µm, < 2 mm fraction at a depth of 22.5 cm into the sediment core
(see Appendix 1), and which is considered to be due to contamination of the
sample or other gross experimental error, selenium in the sediment cores studied
from the Vales Point site in Lake Macquarie was found to be predominantly
associated with the < 63 µm sediment fraction and therefore the assumption
regarding partitioning of heavy metals and metalloids into this size fraction was
considered valid for these samples.  Nonetheless, selenium was found in the > 63
µm, < 2 mm fraction and in many instances at a significant proportion of the
concentration of selenium found in the < 63 µm fraction.  Expressed as a
percentage of total selenium concentrations in the < 63 µm fraction, total selenium
concentrations in the > 63 µm, < 2 mm fraction ranged from 9% to 280% (the
latter corresponding to the peak at 22.5 cm depth) for Core 0-A, and from 8% to
20% for Core 0-B.
Size-normalisation of sediment data based on analysis of the < 63 µm fraction was
therefore used in this research to allow comparison of samples between sites with
different sediment compositions and with previous research on selenium in Lake
Macquarie and elsewhere (see Batley, 1987; Roy and Crawford, 1984; and Chapter
3).  While no analyses were subsequently perfomed as part of this research on the >
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63 µm, < 2 mm sediment fraction, and all results reported in subsequent sections are
for the < 63 µm sediment fractions, it must be noted that the selenium component of
the > 63 µm, < 2 mm sediment fraction for these two cores taken at this site in Lake
Macquarie was not insignificant.  As such, further investigation of this fraction, and/or
refinement of the wet-sieving method to ensure or verify that none of the < 63 µm
sediment fraction remains on the 63 µm mesh is warranted.
5.2.2 Sediment Phase Associations of Selenium
From Section 4.10, both the BCR method and the Tessier et al. (1979) method (with
modifications by Orsini and Bermond (1993)) were used in this study to examine the
distribution of selenium between the “operationally-defined” geochemical fractions of
Lake Macquarie sediments to determine the bioavailable fraction of selenium in
sediments from Lake Macquarie, and also to provide additional data concerning the
relative merits of each procedure.
Selenium was predominantly found by the Tessier et al. method to be associated with
organic matter in the top 8 cm of sediment for the five sites examined in Lake
Macquarie.  Values included in Figure 5.31 represent the average of duplicate
analyses of samples from each site.  At the Vales Point site (Site 1 on Figure 4.1) in
the vicinity of the coal-fired power station, the distribution of selenium between the
exchangeable, carbonate, Fe-Mn oxide and organic matter phases was 16.6%, 2.3%.
0.0% and 81.1% respectively, with an average total selenium concentration
(determined by the sum of Se present in each geochemical phase) in the top 8 cm of
1.75 ± 0.03 µg/g. (with an RSD of 7.73%).  Selenium distribution between these
phases in the site in Cockle Bay, into which the creek carrying discharges from the
lead-zinc smelter flows, were 3.5%, 0.7%, 0.0% and 95.8%, respectively, with an
average total selenium concentration in the top 8 cm of 1.75 ± 0.08 µg/g and with an
RSD of 36.9%.  The majority of selenium for the PACS-1 SRM (65.8%) was found
to be in the organic matter phase, with the residual bound to Fe-Mn oxides.  For the
Buffalo River Sediment SRM, the majority of selenium (48%) was recovered from the
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carbonate-bound phase, with the rest being found bound to Fe-Mn oxides and
carbonates.
Selenium distribution from the BCR extraction method are shown in Figure 5.32, with
selenium predominantly found associated with organic matter in the top 8 cm of
sediment for all sites examined in Lake Macquarie.  Sites 1 and 5 (from Figure 4.1)
represent the averages of duplicate analyses.  Only single analyses were performed for
Sites 2, 3, and 4 due to catastrophic mechanical failure of laboratory equipment with
resulting loss of samples.  Selenium was only recovered from these samples in the
organic matter phase.  At the Vales Point ite (Site 1 on Figure 4.1), 65.1% of
selenium recovered was associated with the organic matter fraction, with 26.1%
associated with the exchangeable and carbonate fractions and 8.8% with the Fe-Mn
oxide fraction.  The total selenium concentration recovered from this site was 2.0
µg/g.  At Site 5, in a sheltered bay in the mid-west section of the lake, 56.1% of
selenium was associated with the organic fraction while 43.9% was associated with
the Fe-Mn oxide fraction, no selenium being recovered from the exchangeable and
carbonate fractions.  Total Se concentration recovered from this site was 0.55 µg/g.
All of the selenium in the PACS-1 SRM and the majority in the Buffalo River SRM
(87.8%) was associated with the organic-matter phase.
Average concentrations obtained by the BCR and Tessier et al. methods showed few
similarities.  This was expected as previous comparisons showed total concentrations
to vary by as much as 200% in some cases, and that the Tessier e al. method extracts
greater concentrations of heavy metals than the BCR method (Rubio t al., 1993),
which was consistent with results obtained for Sites 2, 3 and 5 (in Figure 4.1).  The
relative standard deviations were considered acceptable for the Tessier et al. method
although for BCR they displayed substantial variation, i.e., 89% for Site 4 on Figure
4.1.  The Tessier et al. method based on these results appeared to be more precise,
with a maximum relative variation for all sites of 49%.  The variations for the Tessier
et al. method compared well with those reported elsewhere in the literature (Rubio et
al., 1993), where results ranged from RSDs of 0.8% to 40%. The BCR extracts in
that study however showed better precision that the Tessier et al. m thod, with RSDs
ranging from 1.7 to 19%.  However, these were based on the average of five
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determinations as opposed to the duplicate values reported here, and hence it could be
expected that their RSDs may have been lower.
Figure 5.31 Selenium Distribution Between Geochemical Phases: Modified 
Tessier et al. Method
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Figure 5.32 Selenium Distribution Between Geochemical Phases: BCR 
Procedure
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5.2.3 Selenium Concentrations and Speciation Profiles in Sediments From 
Lake Macquarie
Samples of surficial sediment obtained to identify volatile seleniferous headspace
gases released by indigenous micro-organisms reducing selenate were also studied for
selenium concentration and speciation as detailed in Section 4.4.7.  Figure 5.33 details
selenium concentrations and speciations obtained for individual sediment samples
extracted from the four sites studied.  In this figure, the designation of sediment
samples is such that 1 refers to Vales Point, 2 to Nords Wharf, 3 to Cockle Creek and
4 to Myuna Bay near the Wangi and Eraring Power stations.  The sample designated
Control is for a standard reference material, Marine Sediment (PACS-1, NRC-CNRC,
Canada) with a certified selenium value of 1.09 ± 0.11 mgSe/kg.
Figure 5.33 Selenium Concentrations in Surficial Sediments from Four Sites 
in Lake Macquarie
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Sediment selenium concentrations (all on a dry weight basis) in the surficial sediments
from the four sites as depicted in Figure 5.33 ranged from approximately 1.75 mg/kg
for the relatively pristine and isolated Nords Wharf site to approximately 4.0 mg/kg
for Cockle Bay and approximately 4.5 mg/kg in the vicinity of the Vales Point power
station.  The majority of selenium in all samples studied, including the standard
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reference material, was present as selenite in the IV oxidation state.  Selenate
(Se(VI)) accounted for approximately 25-33% of total selenium in the Nords Wharf
samples, with this proportion being considerably lower for the other sites sampled.
The organic selenium fraction (comprising elementary selenium and selenium in the II-
oxidation state), comprised less than 5% of total selenium in the sediment samples
studied.
Data regarding selenium concentrations, speciation and profiles for other sample sites
throughout Lake Macquarie are included in Appendix 9.  Figure 5.34 below shows
the concentration and speciation profiles for Core 6B obtained from Cockle Bay.
Note the maxima at 10-15 cm depth in both total selenium and selenite (Se(IV))
which may be related to the recent decrease in selenium output from the smelter as
discussed in Chapter 3.
Figure 5.34 Selenium Concentrations and Speciation for Core 6B from 
Cockle Bay
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5.2.4 Water Column Concentrations of Selenium in Lake Macquarie
Duplicate water samples from the 6 sites sampled during the wet weather event of
January 10th, 1996 were collected from these sites described in SectionError! Not a
valid link.4.1.8.  Samples were analysed for pH and for dissolved Se(IV) concentration
to provide a ‘snapshot’ of conditions existing in the Lake at the time of sampling, and
the latter especially to determine if selenium concentrations in the water column were
above the limit of detection of the HGAAS system.  In this event, and if selenium
concentrations in the water column were required to be determined, pre-concentration
systems such as those described by Cutter (1978) and Masscheleyen and Patrick
(1993) would be required to increase concentrations of selenium to the µg/L range,
above the limit of detection of the HGAAS system.  Results from this study are
included in Table 5.11.
Table 5.11 pH and Se Concentration of Waters from Lake Macquarie
Site pH [Se(IV)] µg/L
1-A (Vales Point) 7.85 n.d.
1-B 7.75 n.d.
2-A 7.92 n.d.
2-B 7.93 n.d.
3-A 7.95 n.d.
3-B 7.94 n.d.
4-A 8.03 n.d.
4-B 7.99 n.d.
5-A 7.92 n.d.
5-B 7.92 n.d.
6-A 8.72 4.7
6-B 8.78 2.7
n.d. = Not Detected, i.e., below the limit of detection of the HGAAS of 0.06 µg/L
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5.2.5 Heavy Metals Concentrations in Lake Macquarie Sediment
Sediment concentrations of the heavy metals cobalt, copper, manganese, nickel, lead
and zinc from Lake Macquarie were also examined as part of this research to provide
data suitable for comparison with that obtained in previous studies by other
researchers, notably Roy and Crawford (1984) and Batley (1987).  Concentrations of
heavy metals collected from six sites throughout the lake are presented in Figures
A10.1 - A10.6 in Appendix 10.
Average sediment concentrations for each of the six sites studied (being the arithmetic
average of the concentrations obtained from duplicate cores taken from each site) are
presented in Table 5.12.  It is of interest to note the high concentrations of lead (312.5
mg/kg) and zinc (900.3 mg/kg) in the sediment cores obtained from the north of the
lake at the Cockle Bay site (in the vicinity of the lead-zinc smelter) in comparison to
the concentrations from the southern sites which are approximately 20 kms distant.
High lead and zinc concentrations in the region of the Cockle Creek delta have
previously been determined by other researchers as documented in Table 3.1 in
Section 3.7.1.
Table 5.12 Sediment Concentrations of Selected Heavy Metals from Lake 
Macquarie
Sediment Concentrations, mg/kg
Site Se Co Cu Mn Ni Pb Zn
Mannering Park (1A/B) 4.3 37.2 40.6 219.1 22.2 23.8 142.0
Nords Wharf Zone 4 (N1A/B) 4.7 29.8 52.0 135.9 13.8 38.9 161.6
Nords Wharf Zone 3 (N2A/B) 4.2 32.4 53.2 119.3 19.6 30.5 115.9
Nords Wharf Zone 2 (N3A/B) 4.0 29.6 53.7 130.7 15.1 37.4 118.0
Nords Wharf Zone 1 (N4A/B) 3.5 28.9 51.3 95.0 15.1 32.3 185.3
Cockle Bay Delta (6A/B) 4.3 32.5 57.1 210.0 16.0 312.5900.3
Note: Sediment concentrations are on a dry weight basis for the < 63 µm fraction.
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5.3 CASE STUDY: SELENIUM AND HEAVY METAL 
CONTAM INATION OF WYEE CREEK
5.3.1 Selenium Concentration and Speciation Profiles
Ten sites in Wyee Creek, a fluvial input to the Lake entering Lake Macquarie near the
Vales Point power station, were sampled during and following periods of dry weather
on March 26 and April 2, 1996 as shown in Figure 4.3 and as discussed in Section
4.1.7.  Cores were sampled as detailed in Sections 4.1.7 and 4.2 and were stored
(Section 4.7.2), processed (Section 4.7.3) and analysed for selenium (Section 4.8),
heavy metals (Section 4.9) and total organic carbon (Section 4.11) as described in
Chapter 4.
Data concerning the concentration of selenium in sediment cores from Wyee Creek is
presented in Appendix 11.  A summary of this data for total selenium concentrations
is shown in Figures 5.35 - 5.38 below, depicting total selenium concentrations in each
of the four sediment layers studied (0-5 cm, 5-10 cm, 10-15 cm and 15-20 cm) against
distance downstream from the artificial weir in Wyee Channel (see Figure 4.3).
Negative distances contained in the figures below refer to distance upstream from the
junction of Wyee Channel and Wyee Creek, and specifically to sample site W1.
5.3.2 Heavy Metal Profiles in Wyee Creek
Concentrations of zinc, lead, copper and cobalt were also examined in sediment cores
taken from Wyee Creek, and concentration-depth profiles and spatial relationships
between concentration and distance from the weir were also determined.  Complete
results for Wyee Creek are presented in Appendix 12.
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Figure 5.35 Spatial distribution of Selenium in Wyee Creek, 0-5cm sections
0
20
40
60
80
100
120
140
160
180
-3 0 0.75 1.
5
2.25 3 3.75 4.5 5.25 5.4
Distance from Weir, kms
[Se] (Tot),
mg/kg
Figure 5.36 Spatial distribution of Selenium in Wyee Creek, 5-10 cm sections
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Figure 5.37 Spatial distribution of Selenium in Wyee Creek, 10-15 cm sections
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Figure 5.38 Spatial distribution of Selenium in Wyee Creek, 15-20cm sections
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High concentrations of zinc, copper and lead were observed in sediments in a
depositional environment at the base of the weir leading into Wyee Channel, at levels
equivalent to or in excess of those encountered in soils throughout the world (Swaine,
1977).  As the weir historically has received overflows from the Mannering Lake ash
dam via Mannering Creek (see Figure 4.3), these high concentrations of metals in
these sediments indicate their anthropogenic origin.
5.4 TOTAL ORGANIC CARBON ANALYSIS OF SEDIMENTS
Total Carbon (TC), Total Inorganic Carbon (TIC) and Total Organic Carbon (TOC)
were determined for selected Lake Macquarie sediments and sediments from Wyee
Creek to provide data on carbon levels and distribution in these sediments, and to
determine the existence of any trends in these concentrations.  The methodology used
to determine TC, TIC and TOC was documented in Section 4.11.
Figure 5.39 details average TC, TIC and TOC concentrations for sediment obtained in
1995 from a site at Mannering Park (see Figure 4.1), near the Vales Point coal-fired
power station.  Organic carbon comprises the majority of total carbon, which reaches
a maximum of 1.6% at a sediment depth of 15-20 cm.
In Figure 5.41, average selenium and TOC concentrations with depth are plotted for
Site 4 in Wyee Creek, although no real correlations were observed.
Figures 5.41 and 5.42 relate to carbon concentrations in sediments from Wyee Creek.
In Figure 5.41, the concentration profiles of these are seen for Site 4 (see Figure 4.3),
while in Figure 5.42, TC and TOC concentrations in the top 5 cm of sediment are
depicted.  Of interest in this latter figure is the absolute maxima of approximately
2.4% for total and organic carbon at the sample site 5.45 km downstream of Wyee
Creek from the weir at Wyee Channel.  This point corresponds to the point at which
Wyee Creek and Lake Macquarie meet, and was also less than a hundred metres
transverse distance downstream from where the creek enters Mannering Lake.  It is
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suggested that the high carbon measurements obtained here could be a result of influx
of carbonaceous material from the two lakes.
Figure  5.39 - Total Carbon, Total Inorganic Carbon and Total Organic 
 Carbon Profiles with Depth for Cores from Vales Point
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Figure 5.40 Selenium and TOC Concentrations for Wyee Creek, Site 4
0
50
100
150
200
250
0 5 10 15 20 25 30 35 40
Sample Depth
(cm)
[Se], mg/kg
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
TOC, %
[Se]
TOC
247
Figure  5.41 Total Carbon, Total Inorganic Carbon and Total Organic 
 Carbon Profiles with Depth for Site 4, Wyee Creek
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Figure 5.42 - Spatial Distribution of Total Carbon and Total Organic Carbon 
in Wyee Creek Sediments, Top 5cm
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CHAPTER 6
DISCUSSION
6.1 BACTERIAL STUDIES
From Chapter 1, the overall aim of this research program was to investigate the null
hypothesis:
H0: That the oxidation state(s) of selenium in sediments from Lake Macquarie, NSW,
are independent of microbial activity; alternatively that micro-organisms do not
change the oxidation state of selenium in sediments within Lake Macquarie, NSW.
In investigating this overall null hypothesis, two subsidiary null hypotheses of
relevance to the bacterial studies reported in Chapter 5 were proposed.  These are re-
iterated below:
H01: That micro-organisms from Lake Macquarie are unable to reduce Se(VI) to
lower oxidation states.
H02: That micro-organisms from Lake Macquarie are unable to reduce Se(IV) to
lower oxidation states.
The results obtained in this study to validate or reject the null hypotheses proposed
above are discussed below.
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6.1.1 Identification of Bacterial Isolates
As detailed in Section 5.1.1, seven distinct bacterial isolates were identified which
possessed the ability to convert selenium as selenite to elemental selenium and to
tolerate selenium as selenate.  Gas chromatography analysis of the fatty acid
composition of the isolates (Table 5.1) was undertaken to identify the isolates to
genus and species level.  Isolates were identified by this method, with varying degrees
of confidence as detailed in Sections 4.4.2 and 5.1.1, as: Bacillus brevis, Bacillus
sphaericus, Cellulomonas biozotea/Bacillus p., Shewanella putrefaciens a d
Bacillus mycoides.  One isolate was found to have a moderate similarity index when
compared to Cellulomonas biozotea, but also returned lower similarity indices against
the genus Bacillus and the species B. lentus, B. polymyxa nd B. brevis.  This
indicates that additional testing would be required to positively identify the isolate.
One isolate returned no match against the fatty acid composition database; this may
indicate that the isolate is a previously unidentified organism, although alternatively
this may simply be an indication that the details of the fatty acid composition of this
particular isolate had not been entered into the database at the time of analysis.  Re-
testing against the current database, coupled with further physical and chemical
identification testing, would be required to either positively identify the organism or
conclude that it was in fact a previously unidentified organism.  Such identification
was beyond the scope of this research.
In a previous investigation of selenium reduction by organisms isolated from the ash
dam at Eraring power station on the south western shores of Lake Macquarie, Riadi
(1994) isolated ten organisms which were resistant to either selenite or selenate in
nutrient broth agar media supplemented with 200 µg/l of Se(IV) or Se(VI).  These
organisms were also identified by gas chromatography analysis of their component
fatty acids and were found to be: Pseudomonas saccarophila, Pseudomonas picketti,
Arthrobacter protophormiae, Shewanella putrefaciens, Staphylococcis haemolyticus,
Bacillus pasteurii, Staphylococcus epidermidis, methylobacterium radiotolerens, and
two strains which were not able to be identified by the fatty acid analysis.
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While the samples collected for bacterial isolation and identification in this study and
in that of Riadi (1994) were both obtained from the Lake Macquarie area, it is not
unexpected that there should be only one common organism (Shewanella
putrefaciens) identified between the two sampling sets.  Sediment and water samples
collected for isolation in this study were obtained from the estuarine Lake itself,
whereas the samples of Riadi (1994) were taken from parts of the ash dam circuit at
Eraring power station and from the freshwater creek into which the ash dam circuit
discharged.
Additionally, and as noted in Chapter 5, Kim (1998) continued the work described
herein by isolating from mixed cultures of indigenous Lake Macquarie micro-
organisms used in this work four bacteria which were capable of reducing selenite to
selenium in the presence of nitrate and sulfate.  Kim (1998) identified these by fatty
acid analysis (MIDI system) and 16S rDNA analysis as Providencia rettgeri, Bacillus
thuringiensis, Bacillus amyloliquefaciens and Pseudomonas syringae.  None of these
organisms were identified in previous investigations of the lake’s microflora as
discussed previously, although analytical techniques used by Kim (1998), including
especially the use of 16S rDNA analysis, may have lead to more accurate
identification of those organisms with intermediate to low values of similarity indices
as described in Section 5.1.1.
As previously detailed in Chapter 2, there are extensive reports in the literature
detailing the reduction and/or oxidation of selenium by microorganisms (Table 2.6).
Maiers et al.(1988) noted that the following genera have been reported as possessing
the capability to oxidise and/or reduce selenium: Acinetobacter, Aeromonas,
Arthrobacter, Bacillus, Candidia, Cephalosporium, Citrobacter, Corynebacterium,
Flavobacterium, Fusarium, Micrococcus, Neurospora, Penicillium, Pseudomonas,
Salmonella, Scopulariopsis and Selenomonas.
Oremland (1995) had observed that it was apparent that the ability to reduce selenite
(but not selenate) to elemental selenium was a common feature amongst many diverse
micro-organisms.  In a study screening soil, sediment and water samples from
selenium-impacted Kesterson Reservoir, USA, for bacterial presence and selenate
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reduction capability, Maiers et al. (1988) found forty-two of forty-four samples
studied were able to reduce 10 mg/L selenium added as Na2SeO4.  Morphologically
distinct bacterial colonies were isolated by streak-plates.  Although each isolate in the
study of Maiers et al. (1994) was found to have the capacity to reduce and precipitate
approximately 80% of the selenite from a solution initially containing 100 mg/L
Se(IV), only a single isolate was found capable of reducing selenate when in pure
culture.  Bacterial strains which were incapable of reducing selenate in pure culture
were found to exhibit the ability to reduce selenate only when incubated in mixed
culture.  Maiers et al. (1988) postulated that this observation indicated the existence
of a synergistic relationship between these bacteria which results in selenate reduction,
where selenium may be reduced from selenate to selenite and thence to lower
oxidation states.
Determination of bacterial loads in lake sediments, and the sediment loads of
organisms capable of tolerating selenite and selenate at 10 mg/L, was also determined
(Section 5.1.4).  Bacterial loads were examined for the top 5 cm of sediment from six
sites throughout the lake, and for five 5 cm sections (to a total depth of 25 cm) for
two sediment cores obtained from the vicinity of Vales Point power station.  The total
bacterial load for sediments ranged between 0 and greater than 2.5 x 106 org isms
per gram of sediment, with values for selenite-tolerant and selenate-tolerant bacteria
falling within these ranges.  Total bacterial loads are consistent in magnitude with
those previously determined by Wood (1959a) for the lake.  In some instances, up to
100% of this total bacterial load was found to able to tolerate selenium as selenate
and/or selenite, at a level of 10 mg/L, a concentration which is approaching the
maximum selenium concentrations encountered in sediments from the lake proper.
Given that anthropogenic contamination of the lake with selenium has occurred for
approximately 100 years, it is possible that the supposition of McCready et al. (1966),
namely that the reduction of selenite to elemental selenium by organisms such as these
functions as a detoxification mechanism, may be correct in this instance.  This would
enable organisms with the ability to effect such reductions to tolerate higher
concentrations of selenium than other micro-organisms.  However, as noted in
Chapter 2, Oremland (1995) considered that the explanation of McCready et al.
(1966) was unlikely, as reduction of selenite to elemental selenium has also been
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found to occurs in rich broth-type media under culture conditions where selenite is
not toxic.  Oremland (1995) did conclude that the precipitation of elemental selenium
from selenite has great environmental significance in the biogeochemical cycling of
selenium in the environment.  The predominance of selenium-tolerant bacteria in the
sediments of Lake Macquarie does suggest that these bacteria are of importance in the
biogeochemical cycling of selenium in the lake.
6.1.2 Selenite Reduction by Bacteria
To address the null hypothesis H01, namely that micro-organisms from Lake
Macquarie were unable to reduce selenium as selenite to lower oxidation states,
studies were conducted to examine selenite reduction by both the individual isolates
identified above and mixed cultures of microorganisms subsequently obtained from
Lake Macquarie.
Considering selenite reduction by the seven individual isolates (Section 5.2.1),
qualitative studies using nutrient media and added selenite at 1, 10 and 100 mg/L
demonstrated that all seven isolates tolerated these concentrations of selenite (Figure
5.2).  A red precipitate, identified in later studies as elemental selenium, was produced
by all seven cultures at each of the three selenite concentrations (Figure 5.1).
A control study of selenium loss was conducted to verify that selenium reduction was
occurring as a result of bacterial reduction and not physical or chemical process
associated with the nutrient media and the flasks used.  From Figure 5.3, a decrease of
approximately 10% of total selenium level was recorded at the end of 3 weeks for the
control flask.  This control flask contained media and selenium (the latter at a
concentration of 100 mg/L) but no microorganisms.  As seen in Figure 5.3, this
observed decrease in selenium level is mostly within the error bars associated with the
measurement of selenite concentration; an actual decrease in concentration could be
attributed to adsorption of selenium to the flask walls or volatilisation of selenium into
the flask headspace.
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Selenium (IV) concentrations in control flasks at the three concentrations studied (1,
10 and 100 mg/L selenium as Se(IV)) were determined over a period of 2.5 days and
are shown in Figure 5.4.  This data indicates that any losses of selenium arising from
adsorption or volatilisation will be minimal over the duration of these experiments.
The ability of bacterial isolates obtained from sediment and water samples from Lake
Macquarie to reduce selenite in nutrient media solutions was determined to vary with
both the individual bacterial isolate studied and with initial selenite concentrations.  At
a selenite concentration in the media of 100 mg/L, Isolate 5 (which was unmatched
against the TSBA database) experienced a lag time of 33 hours before growth and
reduction of selenium commenced (Figure 5.5).  A total selenite reduction of
approximately 10% was recorded; while this is within the range of the standard
deviation for the initial selenite concentration in solution, formation of red precipitate
in the solution indicated that some selenium reduction did actually occur.
Considerable lag times before the commencement of growth and the concomitant
reduction of selenium were also observed at the two lower selenium concentrations
examined with this isolate as seen in Figure 5.5.  At a media selenite concentration of
10 mg/L, there was a lag of 28 hours before growth and selenite reduction
commenced, whilst at a selenite concentration of 1 mg/L the lag time was 27 hours
before reduction and growth occurred.  Selenite removal percentage was greater at
lower initial selenite concentrations for this organism than at higher concentrations.
With an initial selenite concentration of 1 mg/L, a 67% reduction in media selenium
was achieved after 76 hours, whilst for an initial selenite concentration of 10 mg/L, a
50% reduction was achieved after 69 hours.
By comparison, complete removal of selenite from the media solution was observed
for Isolate 6 (Cellulomonas biozotea or Bacillus sp.) at all three concentrations
studied.  This removal occurred within approximately 80 hours at a concentration of
100 mg/L selenite, 55 hours for 10 mg/L selenite and 40 hours for 1 mg/L selenite.
Additionally, complete reduction of selenite was also observed for Isolate 2
(Shewanella putrefaciens) at 100 mg/L selenite within 71 hours, and by 52 hours at 1
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mg/L selenite, with 90% reduction in selenite being observed at 10 mg/L after 26
hours.
The ability to reduce selenite intermediate to that of Isolates 5 and 6 as detailed above
was evidenced by the remaining isolates, all of which exhibited the ability to reduce
selenite added to the nutrient broth media.
Three key metabolic parameters (specific uptake rate (QSe), yields (YXS) and specific
growth rate (m)) were calculated for each isolate at the three selenite concentrations
studied (1, 10 and 100 mg/L) (Table 5.2) to facilitate comparison of selenite reduction
capacity between these organisms and to allow comparison with data published in the
literature.
Values of QSe determined for these bacteria based on growth on media containing
selenite ranged from 23.9 - 3040 mgSe(IV).(gcells)-1.(h)-1, with Isolate 2 (Shewanella
putrefaciens) recording the highest specific uptake rate.  Table 6.1 compares
metabolic parameters determined in this study of selenite reduction by micro-
organisms with data reported in the literature by other researchers.  Riadi (1994)
reported a specific uptake rate for selenite by S. putrefaciens isolated from sediment
and water samples from a power station ash dam at Lake Macquarie of 2474
mgSe(IV).(gcells)-1.(h)-1, which is comparable with that reported in this work for the
same organism (Isolate 2).  Both isolates were grown on comparable nutrient broth
media with added selenite, and both isolates effected complete reduction of added
selenite.  However, a higher growth rate and therefore yield was reported for Riadi’s
(1994) S. putrefaciens compared with the comparable isolate identified in this study.
It should be noted that the similarity index calculated for Isolate 2 was low, indicating
that while Isolate 2 is similar to S. putrefaciens, a definitive match could not be
obtained.  Hence Isolate 2 may represent a different sub-group of this species or it
may instead be a representative of a similar, related species.
In a study of mixed cultures grown under oxygen limited conditions, Maiers e  al.
(1988) obtained a specific uptake rate for selenite reduction of these organisms of 954
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mgSe(IV).(gcells)-1.(h)-1, with a growth rate of 0.0384 h-1 and a yield of 0.04
gcell (mgSe(IV))-1. Selenite reduction of 100% was reported for this culture.  In
another study of mixed cultures, Steinberg et al. (1992) reported a specific uptake
rate for selenite reduction of 2032 mgSe(IV).(gcells)-1.(h)-1, with a growth rate of
0.012 h-1 and a yield 0.006 gcell (mgSe(IV))-1.  No selenite reduction percentage was
reported for this culture.  Values for specific uptake rate, growth rate (0.015 h-1) and
yield (0.005 gcell (mgSe(IV))-1) reported in this work for Isolate 2 compare
favourably with the values reported by Maiers et l. (1988) and Steinberg t al.
(1992).  (For details, see Table 6.1).
Higher growth rates and yields reported by Riadi (1994) for S. putrefaciens isolated
from a Lake Macquarie ash dam as compared to those calculated for organisms
isolated from the lake in this work, indicate that additional research is warranted to
optimise these parameters (and hence improve the performance of the organisms
when used in possible bioremediation applications or in bioreactors), recognising that
the concentrations of selenium utilised in this work were up to two orders of
magnitude higher than those used by Riadi (1994).
The ability of mixed bacterial cultures isolated from lake sediments to reduce selenite
was also examined as detailed in Figures 5.21 and 5.22.  Here, isolates were obtained
from sediments collected at six sites geographically dispersed around the lake.  Figure
5.21 depicts the variability in selenite reduction ability with depth for two adjacent
cores collected from the vicinity of the Vales Point Power Station in the south of the
lake.  From Figure 5.21, a broad trend in relation to selenite can be observed, with a
decrease in the percentage reduction of added selenium with the original depth of the
isolated culture.  As aerobic culture conditions were used throughout these
experiments, such a decrease with depth in the ability of these aerobic bacteria to
utilise selenium in their metabolism would be expected as dissolved oxygen in the
sediment pore waters also decreased with increasing depth, and the overall population
of aerobic bacteria would be expected to decrease with depth in any event.
Selenite reduction ability by mixed cultures from six geographically dispersed sites
throughout the Lake was also examined (Figure 5.22).  Considerable variation in
256
selenite reduction capability was encountered between the sites, with average selenite
reduction ranging from approximately 40-80% of added selenium.
The minimum inhibitory concentrations (MICs) determined for these mixed cultures
for selenite (Section 5.1.5) were found to be 100 mg/L Se(IV), at and above which no
growth occurred.  Growth was recorded at a selenite concentration of 10 mg/L for
each of the seven mixed cultures studied, indicating that the actual concentration at
which complete inhibition of growth occurs lies between 10-100 mg/L for selenite.
This is consistent with the fact that benthic organisms, including bacteria, from Lake
Macquarie would be exposed to sediment selenium concentrations of 10 mg/kg and
higher (Batley, 1987).
As noted in Sections 4.4.5 and 4.4.6, a defined basal salts media (Maiers et al., 1988)
with an added carbon source was used in subsequent studies of selenite reduction by
mixed cultures isolated from Lake Macquarie sediments. Commercially-prepared,
semi-defined nutrient agars and nutrient broths such as those used in the experiments
previously described, were considered prohibitively expensive for use in potential
industrial and bioremediation applications of these microorganisms.  Through a simple
comparative growth study (Section 4.4.5), casein hydrolysate was determined to be
the preferred carbon source to ethanol, lactate and acetate, for these organisms for
cultures amended with selenite.
After an incubation period of 12 days, cultures initially amended with 10 mg/L and 50
mg/L selenite (with concentrations being chosen based on the results of the MIC
study) were examined for selenium concentration and speciation.  Essentially no
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Table 6.1 - Metabolic Parameters Associated with Selenite Reduction by 
       Bacterial Isolates
Organism m
(h)-1
QSe
mgSe.(gcells)-1.(h)-1
YXSe
gcell
mgSe-1
%
Removal
S. putrefaciens1 0.015 3040 0.005 100
C. biazotea/
Bacillus sp.1
0.013 1830 0.007 100
S. putrefaciens2 0.24 2474 0.1 100
P. picketii2 0.23 940 0.25 98.3
A. protophormeae2 0.025 8.1 3.15 10.53
B. pasteurii2 0.057 28.2 2 29
S. haemolyticus2 0.021 26 0.81 90.1
Strain AD-12 0.027 2.02 13.4 7.85
mixed culture3 0.038
4
954 0.04 100
mixed culture4 0.012 2032 0.006 -
1 = this work (Section 5.1.2)
2 = Riadi, 1994
3 = Maiers et al., 1988; culture grown under oxygen limited conditions
4 = Steinberg et al., 1992; culture grown under anaerobic conditions
selenium reduction was recorded for those cultures exposed to selenium
concentrations of 50 mg/L, indicating that the MIC for these cultures when grown on
a basal salt media amended with casein hydrolysate is between 10-50 mg/L selenite.
Results for reduction of selenite at a media concentration of 10 mg/L were variable,
with some mixed cultures exhibiting little or no reduction of selenium, while others
reduced the added selenium almost completely.  Of interest in these instances is that,
where reduction of selenium is almost complete, the selenium was converted to the
(0+II) fraction as evidenced in Table 5.6.  As detailed in Section 4.4.6, any precipitate
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formed in solution was filtered through a 0.45 µm membrane filter.  Analysis of the
red precipitate produced from selenite reduction has elsewhere shown it to be
elemental selenium.  As total selenium was conserved in these particular experiments,
selenite appears to have been converted to a form other than the elemental red
precipitate previously encountered.  Woodfolk and Whiteley (1962) reported the
conversion of selenite to the (II) oxidation state via a sequential pathway that included
the formation of elemental selenium, while the methylation of selenite has also been
widely reported (see Table 2.7).  An alternative explanation is that elemental selenium
was produced but was in the colloidal phase.  Cutter (1989) noted that a problem with
the definitions of selenium fractions as Total, IV, VI and 0+II is that elements in the
colloidal phase and which are not truly dissolved, will nonetheless pass through a 0.45
µm filter.  Selenium occurring in the colloidal state is included in the operationally-
defined fraction denoted by Se(0+II).
As previously noted, Kim (1998) isolated and identified individual bacterial species
from the mixed cultures used in the experiments discussed above, and examined
inhibition of selenite reduction by sulfate, sulfite, nitrate and nitrite.  One organism,
Bacillus thuringiensis, was inhibited only by sulfite, but not by sulfate, nitrate and
nitrite, and was found by Kim (1998) to be capable of removing nitrate and nitrite
during growth.  Kim (1998) observed that such an organism would be useful in
treating waste water contaminated with selenium and nitrate or nitrite.
In view of these findings concerning the ability of both individual bacterial species and
mixed bacterial cultures, obtained from geographically dispersed areas throughout
Lake Macquarie, to reduce selenium as selenite to elemental selenium, the null
hypothesis H01, namely that micro-organisms from Lake Macquarie were unable to
reduce selenium as selenite to lower oxidation states, is rejected.  The alternate
hypothesis is therefore that micro-organisms from Lake /Macquarie are able to reduce
selenium as selenite to lower oxidation states.
In accepting the alternate hypothesis, the qualification should be made that the studies
undertaken in this investigation, while utilising microorganisms indigenous to Lake
Macquarie, were conducted using commercially prepared nutrient media and a defined
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basal salts media, and at temperatures and under conditions that would not necessarily
be encountered by these microorganisms in their natural environment. As such, while
microorganisms from Lake Macquarie do possess the ability to reduce selenium as
selenite to lower oxidation states in laboratory studies under controlled conditions as
demonstrated in this investigation, the ability of these organisms to effect selenite
reduction in the benthic environment of Lake Macquarie itself has not been quantified.
Further, metabolic parameters and reduction rates determined for these organisms
were again calculated under controlled laboratory conditions, on commercial media
and in the absence of competition for electron donors from other bacterial species.
Therefore, application of these metabolic parameters and reduction rates to the
ecosystem of Lake Macquarie without additional investigations, either in situ or in
laboratory mecocosm experiments using sediments and water from Lake Macquarie,
would be unwarranted.
From Chapter 1, two of the research objectives proposed to be investigated in this
research concerned the isolation of selenite- and selenate- tolerant micro-organisms
from sediments, and the determination of selenite and selenate reduction capabilities
of selenium-tolerant micro-organisms.  As part of the latter of these research
objectives, this included an assessment of the ability of these organisms to undertake
biologically-mediated reduction and bioremediation of selenium in industrial and
environmental applications.  A  discussed previously in this Chapter, direct
application of the metabolic parameters and reduction rates determined for individual
isolates and mixed cultures identified in this research to the ecosystem of Lake
Macquarie without additional investigations, either in situ or in laboratory mecocosm
experiments using sediments and water from Lake Macquarie, would be unwarranted.
A preliminary investigation of the potential application of these isolates to an
industrial situation was made as detailed in Section 4.6 through the use of a cell
culture vessel containing a high density of these selenium-reducing isolates.
In “selecting” micro-organisms from Lake Macquarie sediments for use in the
bioreactor experiments, the increments by which the selenium concentrations were
increased were large, especially considering selenium is a micronutrient, needed only
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in quantities in the order of micrograms per litre (Combs and Combs, 1986).  By
exposing the bacteria to mg/L quantities of selenium, only the most hardy were
“selected”.  These organisms were those which were capable of adapting to the high
selenium concentrations and effectively protecting themselves from the adverse affects
of the selenium (Smith et al., 1994).  While these mechanisms were not specifically
studied in this research, an understanding of these processes is important and
represents an avenue for future research, so that they might be opti sed and
controlled for more effective applications to selenium remediation; or that eventually
these organisms could be genetically modified to address a specific environmental
problem (OECD, 1994).
One isolate (C1A1), which had shown fast, high-yielding growth at all “selection”
concentrations of Se(IV) studied, and was a very dark red, almost brown colour,
growing in small, concentrated colonies, was chosen for use in the bioreactor study.
The first attempt to culture the bacteria in the culture vessel yielded no growth, due to
a combination of non-viability of cells and too small an inoculum for such a large
volume.  The cells were then freshly replated.  The inoculum used for the runs was
allowed to grow for two days in the incubator.  By this stage, the solution was fairly
turbid and a slight red tinge was noted.  Selenite was added initially to the inoculum to
minimise changes of variables, since it had become accustomed to growing on agar
plates with selenite.  The results of the runs can be seen in Figures 5.28-5.30.
It can be seen in Figure 5.30 (Run 3) that the curve starts on an incline with no lag
period as appears in Figures 5.28 (Run 1) and 5.29 (Run 2).  This is attributable to the
addition of a higher density inoculum at t=0.  The 10 mL of media was transferred to
a conical flask containing 10 mL of the same media and allowed to grow overnight.
The initial higher density seemed to reduce the time taken for the selenite to be
reduced, breaking the trend from Run 1 and 2 where the 500 mg/L reduction occurred
at a faster rate than the lower concentration at 250 mg/L.  Although the rate may have
been faster, it still did not achieve the highest percentage reduction of selenite to
elemental selenium.  Run 1 obtained a 28.26% reduction in selenite, Run 2 22.80%
and Run 3 24.03%.  Gotham (1995) reported that selenium losses due to adsorption
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onto surfaces was 10% over a 20 day study.  The time periods involved in this study
did not extend past 7 days on the longest of the three runs and although adsorption
may have been a contributing factor, its effects were considered to be within
experimental error and therefore not closely relied upon in the interpretation of the
results.  A noted difference between Run 3 and Runs 1 and 2, was the formation of a
precipitate in Run 1 that was not in suspension like the other two runs.
Metabolic parameters and kinetic data such as specific growth rate and specific uptake
rate are important factors to consider when assessing the applicability of the bacteria
to the selenium bioremediation, as they will determine the speed and efficiency at
which the bioremediation process will occur.  These were determined for these
organisms as shown in Table 5.9.  The specific growth rate, m (hou s-1) of C1A1 was
greatest for Run 2 with a value of 0.13 hr-1.  Run 3 was the smallest at 0.07 hr-1 while
Run 1 was in the middle at 0.11 hr-1
The most effective parameter in describing the bacteria’s performance at the different
concentrations is the specific uptake rate, QS  (mgSe/l.gcell.hour).  Run 1 gave a value
of 2.96 µg/l.gcell.hour, while Run 2 was slightly lower at 2.56 µg/l.gcell.hour and
Run 3 was lowest at 0.83 µg/l.gcell.hour.  As previously noted, the resulting
percentage reductions in selenite follow a similar trend, Run 1 reducing the most at
28.26%, Run 2 slightly less at 22.80% but Run 3 reducing 24.03%.  Run 3’s ability to
reduce a greater amount than Run 2 can be accounted for in that as the original mass
of cells was much denser, this enabled the culture to reduce more than Run 2, even at
a lower specific uptake rate.
A strong “garlicky” odour  was encountered in all three runs, suggesting that
volatilisation took place in addition to reduction to elemental selenium as observed in
the studies on reduction of selenium by mixed cultures in Erlenmeyer flasks as
discussed in Section 6.1.3, although in those instances the “garlicky” odour was only
associated with the reduction of selenate.  Results of x-ray diffraction analysis showed
that the red precipitate was amorphous elemental selenium.  Therefore, the reduction
of the selenite had two possible final products, elemental selenium and volatilised
selenide. The electron acceptance mechanisms for these two processes would be:
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1. Selenite to elemental selenium:
SeO32-   +   6H+   +   4e-       Þ Se0   +   3H2O Equation 6.1
2. Selenite to selenide
SeO32-   +   6H+   +   6e-       Þ Se2-   +   3H2O Equation 6.2
(proposed in Chapman, 1996).
Possible explanations for poor selenium IV reduction results and the long time
required for reduction could be due to the lack of carbon source and hence the lack of
free electrons for the reduction of selenium IV to elemental selenium. The mechanism
by which this occurs is briefly outlined below in Figure 6.1.
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Figure 6.1 Selenium Reduction Mechanisms by Bacteria Associated with 
NADH Utilisation
Carbon source   ®   NADH
NADH   +   H+   Û   NAD+   +   2H+   +   2e-
Se4+   +   4e-   ®   Se0
Bacterial Activity
Bacterial Activity
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The media employed in this initial study was nutrient broth with the carbon source
being the yeast extract, as nutrient broth was found from this work to be suitable for
the laboratory-scale isolation of selenium-reducing micro-or anisms.  Although a
good starting point, this is clearly not the optimal source of electrons as seen from the
selenium reduction percentages encountered, and it is not viable in terms of industrial
application, due to its high cost.  Carbon sources employed in other studies include
casein hydrolysate by Riadi (1994) and acetate by Macy et al. (1993), while ethanol,
glucose and even orange peel have been investigated.  Given the success of casein
hydrolysate in the studies discussed previously, further investigation is warranted
starting with the basal salts media containing casein hydrolysate as a carbon source as
the initial isolation media.
The overall conclusion drawn from these results suggests that while the culture
studied in these bioreactor experiments (C1A1) is capable of reducing selenite to
elemental selenium (and from the occurrence of the “garlicky” odour to facilitate
some conversion of selenite or its reduction products to volatile methylated selenium
compounds), the excessive time taken to achieve the low reduction rates indicate that
the additional research would be required, concentrating on carbon sources and media
initially, to make this culture an effective tool in the bioremediation of seleniferous
wastes.
Immobilisation of such bacteria is one option to be investigated which has shown
more satisfactory results in the literature.  As noted previously, Riadi (1994)
documented the use of a column in which bacteria were isolated on sintered glass and
achieved 93% efficiency of absolute selenite removal at a rate of 4.65 mg(l.h)-1,
starting at a concentration of 100 mg/L, with Riadi also concluding that a novel
sintered glass in the form of Raschig rings (SiporaxTM, Schott, Germany) as a more
effective alternative to the usual sintered. Mitchell (1997) observed that further
research involving this matrix as an immobiliser and utilising isolates from the lake
would be of possible benefit as well as further study into different carbon sources.  As
selenite is seen to be the predominant form of selenium in Lake Macquarie sediments,
organisms with the capability to reduce selenite would be of benefit in any proposed
schemes to remediate selenite contaminated sediments.
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It should be noted that a possible design flaw in the methodology employed in this
work may have resulted in incomplete anaerobic environments.  Whilst foil-lined
cotton bungs were used as caps to allow oxygenation via air diffusions, there is some
possible doubt than these cultures were fully aerobic and may instead have involved
oxygen starved cultures with facultative aerobes switching back and forth between
aerobic and anaerobic growth.  The possible incompleness of an aerobic protocol
should be considered in this research should be considered in any bioremediation
studies that build on this work.
6.1.3 Selenate Reduction by Bacteria
To address the null hypothesis H02, namely that micro-organisms from Lake
Macquarie were unable to reduce selenium as selenate to lower oxidation states,
studies were conducted to examine selenate reduction by both the individual isolates
identified above and mixed cultures of microorganisms subsequently obtained from
Lake Macquarie.
Selenate reduction by six of the seven individual bacterial isolates (one of the isolates,
Isolate 6 (C. biazotea/Bacillus sp.) failed to grow on selenate) was examined.   At a
media selenate level of 100 mg/L, all six organisms exhibited growth in qualitative
studies (Section 5.2.2) in nutrient media.  The lack of a red precipitate in all cultures
studied indicated that selenate was not being reduced to elemental selenium, as
occurred when the same organisms were exposed to selenite.  A distinctive,
characteristic odour was however associated with all cultures, which was later
determined via gas chromatography to be attributable to several species of methylated
selenium compounds (with selenium in the reduced II- oxidation state) evolved from
the cultures.
As with the reduction of selenite by the bacterial isolates, the ability of the organisms
isolated from sediment and water samples from Lake Macquarie to reduce selenite in
nutrient media solutions was also determined to vary with both the individual bacterial
isolate studied and with initial selenate concentrations.  Unlike organisms grown in
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media containing selenite, those grown in media containing selenate did not achieve
complete reduction of the added selenate. The maximum percentage reduction of
selenate recorded was 48% for Isolate 7 (Pseudomonas lcaligenes).  In addition,
usage of selenate by these isolates was found to be considerably slower than that
determined for selenite, with periods of up to 7-8 days required to effect up to
approximately 50% removal of selenate.
As previously observed, no selenite was detected in any of the samples over the
period of incubation.  While total selenium concentrations in some samples were also
found to decrease in parallel with selenate concentrations, total selenium
concentrations were also seen to remain approximately stable in other sample flasks
throughout the course of the incubation.  Reduction of selenate concentrations was
attributed to the evolution of volatile selenium compounds from the media as a result
of bacterial reduction.  In cultures where total selenium concentrations remained the
same and selenate concentrations decreased, and no elemental selenium was formed, it
is postulated that non-volatile organic selenium compounds were being produced by
the organisms in solution.  No further analysis was conducted to determine if this
hypothesis was correct, as organisms hypothesised to produce non-volatile selenium
compounds in solution were not studied further in this work, as their usefulness in
industrial or bioremediation applications would be limited.  Liquid chromatography or
other analytical techniques could potentially be employed to study the nutrient broth
media to isolate these compounds if information were sought on their nature.
As for organisms grown in nutrient broth media containing selenite, the three key
metabolic parameters of specific uptake rate (QS ), yields (YXS) and specific growth
rate (m) were also calculated for each isolate at a selenate concentration of 100 mg/L.
Specific uptake rates for selenate with an initial media concentration of 100 mg/L
ranged from 119 - 833 µgSe(IV).(gcells)-1.(h)-1, with an average rate of 495
µgSe(IV).(gcells)-1.(h)-1, compared with a range for selenite uptake, again at an initial
media concentration of 100 mg/L, of 429 - 3,040 µgSe(IV).(gcells)-1.(h)-1 and with an
average of 1380 mgSe(IV).(gcells)-1.(h)-1 (Note that this average excludes the specific
uptake rate on selenite calculated for Isolate 6, which failed to grow in selenate in
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these experiments).  Growth rates and yields were comparable with those recorded for
growth on selenite.
The highest specific uptake rate for organisms grown on media containing selenate at
100 mg/L was 833 µgSe(IV).(gcells)-1.(h)-1 for Isolate 4 (B. sphaericus), with a
growth rate of 0.013 µ-1 and a yield of 0.016 gcell (mgSe)-1.  A reduction in selenate
media concentration of 47% was recorded after 7 days.  When grown on media
containing selenite at a concentration of 100 mg/L, Isolate 4 recorded a specific
uptake rate of 650 µgSe(IV).(gcells)-1.(h)-1, with a growth rate of 0.012 µ-1 and a
yield of 0.019 gcell (mgSe)-1.  A reduction in selenate media concentration
approaching 100% was recorded after approximately 4 days.
While these results for Isolate 4 are comparable between growth on selenite and
selenate, pronounced differences were observed between specific uptakes rates,
growth rates and yields.   For isolates 1, 2, 3 and 7, specific uptake rates were
considerably higher (up to an order of magnitude) for organisms grown on media
containing selenite compared with those organisms grown on selenate-containing
media.  Specific uptake rates for isolates 4 and 5 were approximately 20% lower
when grown on selenite than when grown on selenate.
As observed previously, the maximum percentage reduction of selenate was 48% for
Isolate 7, with other isolates reducing between 15 and 47 % of added selenate.  As
noted in Chapter 2, the ability to reduce selenite (but not selenate) to elemental
selenium is a common feature amongst many diverse micro-organisms (Oreml d,
1995), and this observation is supported by the findings of this work, where selenite
was seen to be readily, and in many instances totally, reduced to elemental selenium,
whilst selenate was seen to be only partly reduced.
The ability of mixed bacterial cultures isolated from lake sediments to reduce selenate
was also examined as detailed in Figures 5.21 and 5.22, with isolates obtained from
sediments collected at six sites geographically dispersed around the lake.  Figure 5.21
depicts the variability in selenate reduction ability with depth for two adjacent cores
collected from the vicinity of the Vales Point Power Station in the south of the lake.
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A broad trend in relation to selenate can be observed from Figure 5.21, with an
increase in the percentage reduction of added selenium as the depth at which the
original culture was obtained increases.  Selenate reduction under anaerobic
conditions and by facultative anaerobes has been documented (see references in Table
2.6) and the predominance of anaerobic organisms would be expected to increase
with decreased dissolved oxygen as sediment depth increased.
Considerable variation in selenate reduction capability was encountered between the
sites (see Figure 5.22), with average selenate reduction ranging from approximately
20 - 100 % of added selenium.  Variation was also encountered between sites for
selenate and selenite (see Section 6.1.2) reduction abilities.  As the organisms clearly
have different metabolic pathways and detoxification mechanisms for dealing with
selenate (typically, conversion to volatile methylated selenium compounds) and
selenite (conversion to elemental selenium), differences in the selenium oxyanion
reduction capabilities of mixed cultures from an individual locale as found here are to
be expected.
The minimum inhibitory concentrations (MICs) determined for these mixed cultures
for selenate (Section 5.1.5) were found to be greater than 1000 mg/L Se(VI).
Growth was not inhibited at this concentration, although this was the highest
concentration studied.  Higher concentrations were not examined as it is extremely
unlikely that organisms would be exposed to these concentrations in the environment,
nor are these concentrations typically encountered in seleniferous industrial waste
streams.  Cooper and Glover (1974), in a survey of the literature concerning the
toxicology of selenium and selenium compounds, reported that animal experiments
have shown that, in general, sodium selenite is more toxic than sodium selenate.  This
may explain therefore the ability of the mixed cultures from Lake Macquarie to
tolerate selenate concentrations in the media environment that exceed by two orders
of magnitude concentrations encountered in the natural environment of the organisms.
Assessing the reasons for the lack of growth in some cultures at lower concentrations
of selenate in the MIC studies compared to higher concentrations, various possibilities
can be advanced to explain the discrepancy, namely an incorrect or higher selenium
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concentration to which the organisms were exposed, a lack of viable samples in the
aliquot introduced to the test tube, or delayed growth of the organisms in questions
compared to other cultures at the same concentration and compared to the same
culture at different concentrations.  On the basis of the results in Table 5.4 however, a
MIC of greater than 1000 mg/L for selenate for mixed cultures from Lake Macquarie
sediments was determined.
A casein-hydrolysate amended defined basal salts media (Maiers t l., 1988) was
used in subsequent studies of selenate reduction by mixed cultures isolated from Lake
Macquarie sediments.  After an incubation period of 12 days, cultures initially
amended with 10 mg/L and 50 mg/L selenate (with concentrations being chosen based
on the results of the MIC study and to allow comparison with results for selenite)
were examined for selenium concentration and speciation.  All twelve cultures studied
effected almost total reduction of selenate to the (0+II) oxidation state.  Due to the
lack of a red precipitate in the solution, it was concluded that selenate was converted
to dissolved organic selenium compounds in the culture solutions, although as noted
in Section 6.1.2, selenium could be present in the elemental, colloidal form in this
fraction.
The characteristic odour encountered in studies of selenate reduction by mixed
cultures of microorganisms from Lake Macquarie noted previously was attributed to
the evolution of volatile, methylated selenium compounds which were identified by
GC/MS analysis of headspace gases.  Five separate volatile selenium species were
identified in the headspace gases, these being: dimethylselenyl sulfide (CH3-S-Se-
CH3), dimethylselenyltrisulfide (CH3-S-Se-S-CH3), dimethylselenide (CH3-Se-CH3),
dimethyldiselenide (CH3-Se-Se-CH3) and methaneselenol (CH3-Se-H).
Methylated sulfur compounds were also identified in the headspace gases of mixed
cultures and could also have contributed to the characteristic odours associated with
the cultures.  These would have arisen from utilisation and methylation of sulfur-
containing compounds in the nutrient broth media.  Three compounds containing
sulfur only were identified in the headspace of the cultures and comprised:
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dimethyldisulfide (CH3-S-S-CH3), dimethyltrisulfide (CH3-S-S-S-CH3) and
methanethiol (CH3-S-H).
It should be noted that only tentative identifications of some of the methylated
compounds, including both sulfur and selenium containing compounds, were made via
the GC/MS analysis, despite the use of a cryogenic trapping system to pre-
concentrate headspace gases prior to injection into the GC unit.  Evidently, evolved
volumes of these compounds were small, and even with the use of the pre-
concentration system, volumes injected into the GC were still insufficient to provide
more than a tentative identification for some of these compounds, as detailed in Table
5.8.  Further refinement of the cryogenic trapping and pre-concentration technique, or
more sensitive analytical equipment, could be warranted to provide further
information as to the nature of these methylated compounds evolved by these mixed
cultures.  It should also be noted that the use of air as a purge gas for collecting
volatile reduced organo-selenium compounds from liquid sample may have oxidised
the more reactive/reduced metabolically produced species to more oxidised chemical
forms even at the low trapping  temperatures because oxidation may have taken place
before the gases could actually be trapped (e.g. m thanethiol oxidised to dimethyl
disulfide and methaneselenol oxidised to dimethly diselenide in air purged solutions).
This could be a further reason why these more reduced species were only tentatively
determined in these experiments and why only the more oxidised and stable organo-
selenium, -sulfur compounds were found with any certainty.  An inert gas such as
helium would be more suited for use in the cryogenic concentration procedures in any
future experiments based on this work.
Nonetheless, the evolution of volatile selenium compounds from mixed cultures of
microorganisms isolated from various sites throughout the lake was clearly established
by these experiments.  Metabolic parameters for these mixed cultures involved in
selenate reduction and methylation (Table 5.7) show that all sixteen separate cultures
studied here effected between 48 - 100 % reduction of added selenate after an
incubation period of 14 days.  Reduction in total selenium concentrations in solution
of between 26 and 45 % indicated that between approximately one quarter and one
half of added selenate was lost from the cultures (as the methylated selenium
271
compounds identified in Table 5.7).  Comparison of the percentage total selenium
removed after 14 days with that of selenate removed after this time indicates that
some of the selenate remains within solution.  While identification of specific selenium
compounds in the media was not conducted, HGAAS analysis of selenium fractions
within the media indicated that this remaining selenium was in the (0+II) fraction.
HGAAS analysis alone cannot further differentiate the separate components
contributing to this (0+II) fraction, unless coupled with a chromatographic technique
which will separate components based on molecular weight.  As previously discussed,
colloidal elemental selenium can pass through 0.45 µm membrane filters and be
included in the (0+II) fraction, and so could potentially comprise part of this fraction
(noting that no observable red elemental selenium precipitate was encountered during
filtering of media samples prior to HGAAS analysis).  It is more likely that the
unidentified components of this fraction comprise dissolved gaseous methylated
selenium compounds in equilibrium with the same compounds in the flask headspace,
or alternatively and as observed previously, selenate could have been incorporated
into non-volatile, organic compounds in the media.
Further examination of metabolic parameters associated with these mixed cultures as
detailed in Table 5.7 shows a wide variation in growth rates, specific uptake rates and
cell yields.  Values for the specific uptake rates of these mixed cultures grown on
nutrient media containing selenite ranged over two orders of magnitude from 37 -
3,229 µgSe.(gcells)-1.(h)-1.  These values, and those reported for growth rates and
yields, compare well with those previously presented in Table 5.3 and with values
reported in the literature as discussed in Section 6.1.2.
Microbiological methylation of selenium may serve as a detoxification mechanism for
micro-organisms.  Methylation results in the conversion of a non-volatile precursor
species into a volatile methylated form, with the toxicity of the major methylation
product of microbial conversion of selenium, dimethyl selenide, considered much less
than that of other forms (McConnell and Portman, 1952).  Methylation of toxic
elements is considered an important process in the biogeochemical cycling of a
number of elements including selenium.  Methylation often leads to changes in the
mobility and toxicity of the element - mercury, arsenic, tellurium, tin, and lead, in
272
addition to selenium, have all been shown to be methylated under the catalysis of
micro-organisms (Doran, 1982).
Methylation of selenium as selenate by mixed bacterial cultures isolated from the
sediments of Lake Macquarie has clearly been demonstrated by this work.  Bacteria
(Chau et al., 1976), fungi (Challenger and North, 1934) and algae (Riadi, 1994) have
all been shown to be capable of methylating selenium from the selenate (VI) and
selenite (IV) oxidation states, while methylation of elemental selenium has also been
demonstrated by bacteria (Doran and Alexander, 1977).  The biomethylation of
selenium by micro-organisms is of interest as it represents a potential mechanism for
the physical loss of selenium from selenium-contaminated environments (Oremland,
1995).  As noted in Chapter 2, the permanent removal of selenium from contaminated
soil and water is being considered as a management strategy for the contaminated
sediments and drainage water in the San Joaquin Valley (Thompson-Eagle and
Frankenberger, 1992).  These authors describe pilot-scale projects in the San Joaquin
Valley involving the volatilisation of selenium from impacted sediments from
Kesterson Reservoir and elsewhere in the Valley which have shown a rapid decline in
the soil selenium inventory.  Thompson-Eagle and Frankenberger (1992) concluded
that bioremediation of seleniferous environments was likely to be an important
operation in maintaining high crop productivity on the western side of the selenium-
impacted San Joaquin Valley.
The applicability of the work documented by Thompson-Eagle and Frankenberger
(1992) to the specific situation of Lake Macquarie has yet to be established.
However, the data presented in this investigation concerning the existence of
indigenous microorganisms in the lake exhibiting the ability to tolerate and methyl t
selenium as selenate when exposed to concentrations comparable to those
encountered in lake sediments, suggests that there may be application of
biomethylation as a potential remediation option for Lake Macquarie, or at least those
parts (“hot spots”) of the lake floor which are severely impacted by selenium to a
considerable depth (Batley, 1987).
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In view of these findings concerning the ability of both individual bacterial species and
mixed bacterial cultures, obtained from geographically dispersed areas throughout
Lake Macquarie, to reduce selenium as selenate to lower oxidation states including
methylated selenium compounds, the null hypothesis H02, namely that micro-
organisms from Lake Macquarie were unable to reduce selenium as selenate to lower
oxidation states, is rejected.  The alternate hypothesis is therefore that micro-
organisms from Lake Macquarie are able to reduce selenium as selenate to lower
oxidation states.
In accepting the alternate hypothesis, and as already discussed in Section 6.1.2, the
qualification must also be made that the studies undertaken in this investigation, while
utilising microorganisms indigenous to Lake Macquarie, were conducted using
commercially prepared nutrient media and a defined basal salts media, and at
temperatures and under conditions that would not necessarily be encountered by these
microorganisms in their natural environment.  The ability of these organisms to effect
selenate reduction in the benthic environment of Lake Macquarie itself has not been
quantified.  Additionally, application of the calculated metabolic parameters and
reduction rates for these organisms to the ecosystem of Lake Macquarie without
additional investigation would also be unwarranted.
6.2 SEDIMENT STUDIES
As reported in Section 3.7, evidence of heavy metal contamination of Lake Macquarie
appears to have first become available as a result of investigations conducted in 1974
and 1975 by the NSW Department of Mines (Crawford et al., 1976; Roy and
Crawford, 1984).  These authors documented significant heavy metal contamination
of surficial sediments, sediment cores, seagrasses and fish from the lake.
Subsequently, further investigations of heavy metal contamination of different
compartments of the Lake Macquarie ecosystem have been undertaken by researchers
including Furner (1979), the CSIRO Division of Fuel Technology (Batley, 1987),
Scanes (1993), Roberts (1994), Smith (1995), Turnbull (1995), and Peters et al.
(1996a, 1996b, 1996c).
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Heavy metal concentrations in the sediments of Lake Macquarie are inconsistent with
those expected from the erosion of the rocks of the Lake Macquarie catchment (Roy
and Crawford, 1984).  This leads to the conclusion, supported by the predominance of
heavy industry around the lake disposing of effluent containing heavy metals, and
further by the findings of an Environmental Audit Report (SPCC, 1983) (which
concluded that the size of the lake made it amenable to controlled disposal of treated
effluent), that heavy metal contamination of sediments and organisms in the lake is of
undoubtedly an anthropogenic origin.  T ends in heavy metal concentrations in lake
sediments reported by Roy and Crawford (1984) and Batley (1987) support this
conclusion and indicate the lead-zinc smelter at the northern end of the lake, which
has been operating since 1897, as the principle historical contributor of heavy metal
contamination to the ecosystem of Lake Macquarie.
Other additional contributors of heavy metals into the lake were identified in the Audit
report (SPCC, 1983) as: discharges from sewage treatment works (which have
recently been diverted to an ocean outfall at Belmont (Anonymous, 1995)); and
discharges from coal-mines.  Overflows from ash-dams associated with the coal-fired
power stations in operation around the lake as well as atmospheric deposition of fly
ash from their stacks, are also considered potential contributors of heavy metals to the
lake (Davies and Linkson, 1991).
The ability of selenium to isomorphously substitute for sulfur in endogenic processes
(Kudryavstev, 1974) as discussed in Section 2.2.2 explains the origin of selenium
contamination in Lake Macquarie.  Overflows and seepage from coal mine and
washeries, ash dam overflows and atmospheric fallout from coal-fired power stations,
and discharges from the lead-zinc smelter are key contributors of heavy metals and
selenium to the lake.  Both coal and the mineral ores which are smelted to extract lead
and zinc contain quantities of sulfur, and hence also contain selenium.  Swaine (1978)
reported that Australian coals had selenium concentrations ranging between 0.21 - 2.5
mgSe/kg, with a mean concentration of 0.79 mgSe/kg.  While no data is available on
the selenium content of the lead-zinc ores used at the smelter at Boolaroo to the north
of Lake Macquarie, Nriagu and Wong (1983), in a study of selenium pollution of
lakes near the copper-nickel smelters at Sudbury, Ontario, Canada, reported selenium
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concentrations in the Cu-Ni ores ranging between 20 - 82 mgSe/kg.  Elkin (1982)
noted that the principal resources of the world in terms of selenium are in the base
metal sulfide deposits that are mined for copper, zinc, nickel and silver (and, to a
lesser extent, lead and mercury), where selenium recovery is incidental to the recovery
of these elements.
Data on selenium concentrations in sediments from Lake Macquarie is limited in the
published literature, with Batley (1987) reporting selenium concentrations in surficial
sediments from a site to the north of the lake as 14 mg/kg, diminishing rapidly to a
plateau value of 4 mg/kg at a sediment depth of 0.35 - 0.40 m.  Selenium
concentrations were found to be still above background concentrations for the
southern site, even at the greatest depth sampled.  Batley (1987) observed a
correlation between zinc and selenium concentrations, and concluded that selenium
was deposited as a result of sedimentation and discharges at the Cockle Creek delta
site in the north of the lake, with the lead-zinc smelter discharging into Cockle Creek
several hundred metres upstream of the delta.
Determination of selenium concentrations and profiles in sediment cores from
geographically dispersed areas around the lake was undertaken as one of the research
objectives of this investigation.  In addition, examination of profiles and concentration
of other heavy metals of environmental significance was also undertaken in parallel
with the study of selenium in lake sediments. This was to allow for comparison of
data with those of previous researchers investigating heavy metal concentrations in
Lake Macquarie to examine the temporal variation in sediment heavy metal
concentrations, and to provide new data on areas of the lake and surrounding
waterways that had not previously been examined and documented in the published
literature.
Quantification of the nature and extent of selenium contamination in Lake Macquarie
is of direct importance in contributing to the development of an understanding of the
biogeochemical cycling of selenium in the lake, and the role and place of micro-
organisms in this cycle.  Were selenium concentrations in Lake Macquarie sediments
at background concentrations, as would be expected due to the weathering of
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catchment rocks, these concentrations may not have resulted in the natural selection
of microorganisms with the ability to reduce selenium, potentially as a detoxification
mechanism.  However, a century of anthropogenic input of selenium into the
ecosystem of Lake Macquarie has resulted in elevated concentrations of selenium in
sediments and other compartments of the Lake Macquarie ecosystem, which has lead
to the bioaccumulation of selenium in commercial fish species (Section 3.7.4) to
concentrations causing concern as to potential human toxicity (Roberts, 1994).  The
incidence of an extensive and varied population of individual bacterial species and
mixed cultures with the ability to reduce selenium to lower oxidation states, thereby
either immobilising it as elemental selenium in the sediments or vola ilising it to
gaseous, methylated compounds which will be dispersed into the air above the lake,
has been clearly identified in this work as discussed in Section 6.1.2.  De ermination
of selenium concentrations and profiles in sediments from Lake Macquarie therefore
provides additional information as to the environment in which these selenium-
reducing organisms occur, contributing to the understanding of the biogeochemical
cycling of selenium in the ecosystem of Lake Macquarie and the specific role that
bacteria play in impacting the oxidation states of selenium within this ecosystem.
Further, quantification of selenium concentrations in the sediments of Lake Macquarie
provides regulatory authorities and other researchers with a “snap-shot” of the current
selenium loads within lake sediments, which is of relevance given concerns raised
regarding the selenium contamination of fish from the lake and the public health
implications of this contamination (Hunter Public Health Unit, 1997; Jackson, 1995;
Roberts, 1994).  “Hot spots”, areas of very high sedimentary selenium concentrations,
can be identified through study of selenium concentrations in sediments from
geographically dispersed areas throughout the 125 km2 area of the lake.  This
information may also be of potential use to regulatory authorities considering
management strategies for the lake, which may include dredging of the most
contaminated “hot spots” (Batley, 1987).
Studies of heavy metal and selenium concentrations reported in this investigation
examined five different aspects of sediment contamination throughout the lake, which
are each discussed separately below.  These are:
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i. Sediment phase associations of selenium;
ii. Selenium concentrations and profiles from Lake Macquarie;
iii. Heavy metal concentrations and profiles from Lake Macquarie;
iv. Selenium concentrations and profiles from Wyee Creek; and
v. Heavy metal concentrations and profiles from Wyee Creek.
6.2.1 Sediment Phase Associations of Selenium
Typically, concentrations of heavy metals or metalloids will be reported on a total
concentration basis.  This will include metals in forms which are chemically inert or
unable to be assimilated by biota (Batley, 1987).  As a result, while total
concentration values for sediment heavy metal and metalloid loads provide regulators
and researchers with valuable information as to the total quantities of an element in a
given benthic or soil environment, this data does not inform as to the proportion of
this total load that is available for assimilation by biota.  Therefore, total concentration
data does not provide a true indication of the risks posed to humans and the
environment by heavy metal and metalloid contaminants in soils and sediments.
Permissible or acceptable sediment and soil concentration limits based on the total
load of a metal or metalloid may therefore overestimate the risk posed by such
contaminants in an environment where the element is predominantly in forms that are
unavailable to organisms, such as selenium occurring in immobile elemental or
selenide forms in the lower depths of Lake Macquarie sediments below the redox
discontinuity layer where Eh is extremely negative.  Overestimation of this risk may
therefore result in onerous and possibly unnecessary requirements being placed on
landholders or other bodies to address the perceived problem.  Here, there is the
possibility that remediation actions such as dredging the contaminated upper layers of
sediment could expose the previously reduced, anoxic sediment layers to the
oxygenated water column, leading to remobilisation of the previously immobile
selenium and its conversion into mobile and toxic selenates and selenites (Peters et al,
1996 a, c).
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Sequential extraction methods, as discussed in Section 4.10, use different
combinations of chemical reagents and physical conditions in a pre-determined order
to selectively extract the variously-bound metal fractions in sediment and soil.  These
methods were seen in Section 4.10 to be in common usage for determining the
partitioning of a metal between its various forms, including those available to aquatic
and soil dwelling organisms.  Extraction sequences are designed to differentiate
between the exchangeable, carbonatic, reducible (hydrous Fe/Mn oxides), organic
matter bound or oxidisable (metal sulfides and elemental forms of metals) and the
residual fractions (mineral bound, i.e., silicates).  The exchangeable ions, carbonate
and oxide fractions are generally the most mobile (Batley, 1987) and therefore most
readily available to organisms.
Two competing methods in common use throughout the scientific community were
used in this investigation to determine the phase association of selenium in sediments
from Lake Macquarie, and also with the secondary aim of providing additional data
concerning the relative merits of each procedure.  The two methods used were the
European Community Bureau of Reference (BCR) sequential extraction method
(Whalley and Grant, 1993), and the method of Tessier et al. (1979) with
modifications by Orsini and Bermond (1993).  Despite attempts by the European
Community Bureau of Reference to standardise the sequential extraction
methodology, studies using the Tessier et al. (1979) method or some other variant of
either method continue to appear in the literature.
From Section 5.2.2, selenium was predominantly found by the Tessier et al. (1979)
method to be associated with organic matter in the top 8 cm of sediment for the five
sites examined in Lake Macquarie.  For example, at the Vales Point site (Site 1 on
Figure 4.1) in the vicinity of the coal-fired power station, the distribution of selenium
between the exchangeable, carbonate, Fe-Mn oxide and organic matter phases was
16.6%, 2.3%. 0.0% and 81.1% respectively, with an average total selenium
concentration (determined by the sum of Se present in each geochemical phase) in the
top 8 cm of 1.75 ± 0.03 µg/g (with an RSD of 7.73%).  Examination of selenium
distribution between these phases in the site in Cockle Bay, into which the creek
carrying discharges from the lead-zinc smelter flows, showed that the distribution of
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selenium between the exchangeable, carbonate, Fe-Mn oxide and organic matter
phases was 3.5%. 0.7%, 0.0% and 95.8%, respectively, with an average total
selenium concentration in the top 8 cm of 1.75 ± 0.08 µg/g and with an RSD of
36.9%.
Considering selenium distribution results from the BCR extraction method (Section
5.2.2), again selenium was predominantly found associated with organic matter in the
top 8 cm of sediment for all sites examined in Lake Macquarie.  At the Vales Point
site (Site 1 on Figure 4.1), 65.1% of selenium recovered was associated with the
organic matter fraction, with 26.1% associated with the exchangeable and carbonate
fractions and 8.8% with the Fe-Mn oxide fraction, with the total selenium
concentration recovered from this site being 2.0 µg/g.
Of the five sites studied, the highest selenium concentrations from individual samples
were 2.07 mg/g for Site 1 (Vales Point), 1.94 mg/g at Site 3 (Bennet Park) and 1.75
mg/g at Site 5 (Cockle Creek).  Clear southward trends in heavy metal concentrations
from Cockle Creek (Batley, 1987; Roy and Crawford, 1984) indicate the lead-zinc
smelter as the main source of selenium and heavy metals at the northern end of the
lake.  In view of the data presented here and the effective north-south division of the
lake into two bodies at Wangi WangiPoint (Spencer, 1959), the contention presented
in Section 3.8, namely that high selenium concentrations in the vicinity of the power
station are due to atmospheric deposition of fly ash containing selenium, arising from
the combustion of coal containing selenium (Swaine, 1978) from the station, would
appear to be supported.
Selenium concentrations in Cockle Bay are lower than those previously reported
(Batley, 1987) and may be indicative of the impact of a 90% reduction in discharges
from the Pb-Zn smelter since 1989 (Jackson, 1995).  At all sites studied, whilst the
largest proportion of selenium was present in the organic fraction (considered the
least bioavailable - Tessier et al. (1979), Rubio et al. (1993)), up to 44% of selenium
was found in potentially bioavailable forms.  As a result, sediment selenium
concentrations can be considered then a potential contributor to selenium
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bioaccumulation in fish in the lake, particularly as the species accumulating selenium
forage in the sediment (Roberts, 1994).
As previously noted, a secondary aim of the investigation of selenium phase
associations in Lake Macquarie sediments was to compare the relative merits of the
two procedures when applied to selenium in estuarine sediments.  Despite both
methods finding the majority of selenium to be associated with organic matter in the
top 8 cm of sediment from five sites throughout the lake, average concentrations
within fractions and obtained by the BCR and Tessier et al. (1979) methods showed
few similarities.  This was expected given that previous comparisons reported in the
literature showed total concentrations to vary by as much as 200% in some cases
(Rubio et al., 1993), and the observation that the Tessier et al. (1979) method
extracts greater concentrations of heavy metals than the BCR method (Rubio et al.,
1993). The latter observation of Rubio et al. (1993) was seen to be supported in this
investigation by results obtained for Sites 2, 3 and 5 (in Figure 4.1).
Considering the variability of the data, the relative standard deviations were
considered acceptable for the Tessier et al. (1979) method although for BCR they
displayed substantial variation, i.e., 89% for Site 4 on Figure 4.1.  The Tessier et al.
(1979) method (based on the results of this investigation) appeared to be more precise
than the BCR method when applied to sediments from Lake Macquarie, with a
maximum relative variation for all sites of 49%.  The variations for the Tessier et al.
(1979) method compared well with those reported elsewhere in the literature (Rubio
et al., 1993), where results ranged from RSDs of 0.8% to 40%.  Unlike the results
reported in this investigation, the BCR extracts in that study showed better precision
that the Tessier et al. (1979) method, with RSDs ranging from 1.7 to 19%.  However,
these were based on the average of five determinations as opposed to the duplicate
values reported here, and hence it could be expected that their RSDs may have been
lower.
Recoveries of the standard reference materials were 60% and 17% for the Buffalo
River Sediment and the PACS-1 marine sediment by the Tessier et al. (1979) method,
and 55% and 32% by the BCR method. This trend is consistent with that reported
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elsewhere (Cutter, 1986), with selenium recoveries of 113% for river sediment and
72% for estuarine sediment.  This difference in recovery efficiencies between the two
methods may be attributed to the sediment being calcareous, limiting the use of
NH4OAc in Step 3 of BCR (Quevauviller et al., 1993); high calcium carbonate of
humic acid content limiting selenium recovery (Whalley and Grant, 1993); insufficient
leaching time due to coarser particles or higher carbonate content (Förstner, 1993); or
trapping of mineral-bound selenium in organic material (Legret, 1993).
The Tessier et al. (1979) method at Sites 1 and 5 gave the greatest percentage of
selenium in the first two fractions, assumed to be selenate (VI) and selenite (IV), with
selenate the most mobile (Adriano et l., 1980).  At all sites the majority of selenium
was found in the organic fraction, consistent with data reported elsewhere (Cutter,
1986), although up to 30% of selenium was in fractions which were potentially
subject to remobilisation and would thus be potentially bioavailable.  That the organic
fraction is operationally defined (Cutter, 1989), and that any selenium that is
solubilised will thereby be classified as organic, was shown by the variation in results
between the methods. selenium in the “organic” fraction consists not only of selenide
(organic and inorganic forms) and elemental selenium but also mobile selenate.  It is
unclear whether the “organic” selenium is of the bioavailable form, but generally the
organic fraction is considered less mobile than previously extracted fractions (Cutter,
1986).  No selenium was found in the Fe-Mn oxide bound fraction by the Tessier et
al. (1979) method, whereas elsewhere (Cutter, 1986) 3.2% was found in this fraction,
(recognising however that this latter result was for a site in the continental U.S.A. and
therefore direct comparison without consideration of other factors as indications of
similarity of sediment condition is unwarranted).
In comparing results between the BCR and Tessier et al. (1979) methods, it must be
recalled that fraction 1 of BCR is “equivalent” to the combined total of fractions 1 and
2 from the Tessier et al. (1979) procedure.  Site 1 in the investigations reported here
compared well for the Tessier et al.(1979) and BCR methods for the exchangeable
and carbonate-bound fractions, with 20% and 24% recoveries, respectively.
However, Site 5 for the Tessier et al. (1979) procedure gave a combined total of 10%
in the exchangeable and carbonate fractions, and none in the oxide fraction, whereas
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the BCR method gave an unexpectedly high proportion (44%) in the oxide fraction.
This was again attributed to different metal partitioning by both methods.  In studies
by Rubio et al. (1993), a detectable cadmium concentration was obtained for this
fraction which was not observed for the Tessier t al. (1979) method, and that when
concentrations were found in identical phases, these were of different proportions of
the total concentrations.  These differences present a good argument for referring to
speciation not in terms of the metal complexes extracted but in terms of the extractant
used.  For example, fraction 1 of the Tessier et al. (1979) method could be referred to
as the ammonium acetate extractable metals rather than the exchangeable metals.
Substantial variability between the BCR and Tessier et al. (1979) protocols was
shown for total selenium extraction and resulting fractionation studies, attributed to
different extraction conditions employed by the two methods, and both methods
showed poor repeatability, as has been documented previously in the literature (Rubio
et al., 1993).  It can be readily concluded that the extractions are “operationally
selective”, depending on the extractant used and the conditions.  Two chemicals
presumed to extract the same phase will not necessarily do so, due to dependence on
temperature, pH, salinity, readsorption and Eh effects (Adriano et al., 1980).
Additional research therefore would be needed to determine the conditions most
suited for sequential extraction of selenium.  Despite these limitations and the need for
additional research, both sequential extraction methods have shown that the largest
proportion of selenium in the sediments from Lake Macquarie is in geochemical
phases which are unlikely to be remobilised and become bioavailable to aquatic
organisms.  Further, it can be concluded that limits on selenium concentration in
sediment set by regulatory bodies based on total concentrations as opposed to the
available proportion of an element may represent unnecessary overestimates of the
risk posed by the element in the sediments to aquatic organisms.  However, this is
complicated by the fact that changes in sediment redox conditions, which can result in
remobilisation of selenium into the water column (Peters et al., 1996 a, c), may result
from anthropogenic activities such as dredging (which occurs in some areas around
Lake Macquarie to provide ongoing access for yachts to marinas and berths (Standen,
1987) and also from naturally occurring activities such as bioturbation (Peters et l.,
1996b).
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6.2.2 Selenium Concentrations and Profiles from Lake Macquarie
As noted above, sediment concentrations of selenium in Lake Macquarie were
determined as a result of sequential extraction studies to determine the phase
association of selenium within the geochemical phases of the sediment.  Total
selenium in the sediment was determined as the sum of selenium concentrations
obtained for each of the extracted geochemical phases.  Of the five sites studied, the
highest selenium concentrations from individual samples were 2.07 mg/kg for Site 1
(Vales Point), 1.94 mg/kg for Site 3 (Bennet Park) and 1.75 mg/kg for Site 5 (Cockle
Creek).
Values of 14 mg/kg for sedimentary selenium reported by Batley (1987) for surficial
sediments obtained for the Cockle Creek Delta/Cockle Bay region of the lake,
downstream from the outlet from the smelter, pre-dated more recent changes to the
smelter operation which have reportedly resulted in a 90% decrease in selenium
emissions from previous concentrations (Woodford, 1995).  Therefore, lower
concentrations of selenium in surficial sediments, which would be the first deposited,
could be a reflection of this decrease in selenium emissions.
Studies of total selenium concentrations in sediments were also obtained without the
use of the sequential extraction methodology previously described.  Acid digestions
followed by selective oxidations and reductions were used to extract selenium from
sediments for analysis by HGAAS as detailed in Section 4.7 and 4.8.  From Figure
5.46, total selenium concentrations in sediments obtained from four sites throughout
the lake were examined.  Sediment samples from Vales Point averaged 4.39 mgSe/kg
while samples from Cockle Bay averaged 4.04 mgSe/kg.  Even samples from the
relatively pristine Nords Wharf region in the south- ast of the lake exhibited selenium
concentrations in sediment samples 1.72 mgSe/kg.
The poor recoveries of selenium from the standard reference materials as a result of
the use of the sequential extraction methodologies may account for the differences in
selenium concentrations in evidence here for the same sites (Vales Point and Cockle
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Bay).  Again, however, the same trends are evident.  Selenium concentrations in
sediments from Cockle Bay are lower than those reported by Batley (1987) over a
decade before (pointing to reductions in selenium emissions by the smelter); and
sedimentary selenium concentrations in sediments from Vales Point are comparable to
or greater than those reported for Cockle Bay.
Selenium in sediments from the four sites studied here is predominantly in the IV
oxidation state (Tables A9.1, A9.2 and A9.3).  This trend is also seen in the selenium
speciation profiles.  The data show considerable variability both within a site and
between sites, although a rise in selenium concentrations to a maxima at
approximately 10 - 15 cm depth, followed by a gradual decline to lower
concentrations as depth decreases, is a common feature to the majority of cores with
the exception of two profiles, both for the same site within the pristine area of Nords
Wharf (Cores 2A and 2B, Table A9.1), and one of the two profiles obtained for
Cockle Bay (Core 6A, Table A9.3).
Considering the Nords Wharf samples, a sharp increase in selenium concentrations (to
approximately 27 mg/kg Se) for both duplicate cores was determined at a depth of 30
- 35 cm.  The repetition of this abberative result across both cores obtained from the
site points to a cause other than sample contamination either on site or within the
laboratory.  A one-off discharge of selenium-contaminated wastewater or disposal of
sediment or soil into the area some decades in the past, or some naturally-occurring
feature peculiar to this area are possible causes of this unexpected result from these
two cores.
Of the two cores obtained from Cockle Bay, one (Figure 5.57) shows sediment
selenium concentrations generally increasing to a maximum total selenium
concentration of approximately 12 mgSe/kg at a sediment depth of between 35 - 40
cm.  The profile records a sharp increase in concentration between 10 - 15 cm, a
decrease between 15 - 20 cm, and then a second sharp increase between 20 - 25 cm,
before the selenium concentration climbs slowly to a maxima at the maximum depth
sampled.  The companion core taken from the same location (Figure 5.58) exhibits the
same behaviour over the region between 10-25 cm, although from there until the
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maximum depth sampled the concentration of selenium decreases.  It is likely that if a
deeper core sample had been taken for Figure 5.57, then a maxima would be
encountered below the maximum depth previously sampled, with selenium
concentrations decreasing in line with the trend observed elsewhere in the cores
sampled.  The maximum at depth is consistent with higher historical emissions
covered by depositions with reduced emissions more recently.  The shallower peak at
Vales Point is consistent with the more recent construction of this facility.
Selenium concentrations in the top 5 cm of sediment from the vicinity of the Vales
Point power station were determined to be approximately 6 mgSe/kg (Figures 5.47
and 5.48).  From Figure 5.47, a maximum of 10 mgSe/kg was recorded at a depth of
5 - 10 cm, with sediment selenium concentrations subsequently decreasing with
decreased depth.  A maximum of 8 gSe/kg was recorded at a depth of 10 - 15 cm as
depicted in Figure 4.58, with selenium concentrations again decreasing after this point
to the maximum depth sampled.
The peaks reported at between 10 - 15 cm depth for the samples may represent the
maximum emission loads from the smelter and power stations into the lake, recalling
that emissions from the smelter have been decreased from a level of 2,000 kg/yr to
200 kg/year (Woodford, 1995) and that advances in electrostatic precipitator
technology, tougher regulatory requirements on emissions and changes to the ash dam
water circuit (Sharrock, 1996) at the Vales Point power station would have resulted
in emissions decreasing in recent years.
Of interest is the result from these investigations that surficial sediments from the
vicinity of the Vales Point coal-fired power station are contaminated with selenium at
the same or greater concentrations than sediments from the Cockle Bay region to the
north of the lake which receives lead-zinc smelter effluent.  Atmospheric deposition of
selenium escaping from the electrostatic precipitators atop the power station stacks,
and overflows and seepage from the power stations ash dams into which spent fly ash
is deposited, have been raised elsewhere in this work (Section 3.8) as potential
contributors of selenium to the immediate vicinity of the power stations.
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Fly ash particles have previously been identified in sediment samples taken near the
Wangi Wangi power station (Batley, 1987; Batley, 1991). Crawford et al. (1976)
cited results showing that sediment in Wyee Bay (near the Vales Point power station)
comprised 20 - 40% fly ash.  Copper enrichments of sediments near the Vales Point
and Wangi Wangi power stations were also attributed by Crawford et l. (1976) to fly
ash deposition.  These authors found copper sediment concentrations to be elevated
some three to four times the background concentrations as measured at more pristine
areas of the lake (Batley, 1991).  These results indicate that fly ash does escape the
stacks and deposits in the lake, although it is likely that improvements in electrostatic
precipitators and reduced emission criteria imposed by regulatory bodies over recent
years would have reduced the amount of material escaping the stacks.
Davies and Linkson (1991), in a study of ash dam overflow effluent from the Vales
Point power station ash dam into Wyee Creek, observed that effluent concentrations
from the Vales Point ash dam chronically exceeded the limit imposed by the NSW
Clean Waters Act (1970) of 10 µg/l.  This indicates that selenium at that time was
entering Wyee Creek at a point 7 km upstream from its entrance to the lake, although
the authors noted that they could find no evidence of biological impact or selenium
accumulation downstream reported in the published literature.
Biological impact, in terms of elevated selenium concentrations in fish from Wyee
Creek and the Wyee Bay area into which the creek discharged was, however,
occurring.  Studies on selenium in fish had been carried out for a number of years by
Pacific Power (and its predecessor organisations), the operator of the power stations
for some or all of their lives, although the data had not been made publicly available
(Lake Macquarie City Council, 1995).  The NSW Environment Protection Authority
noted that these studies indicated that selenium concentrations in fish from Lake
Macquarie are considerably higher than fish caught in NSW ocean waters, and above
NHMRC guidelines (Lake Macquarie City Council, 1995).  Fish samples from Wyee
Creek and Mannering Bay collected since 1992, in the vicinity of the Vales Point
power station and subject to overflows from the adjacent ash dam, were reported as
having from five to fourteen times the recommended concentration of selenium, and
fish from Myuna Bay, near the Eraring power station, were reported to have selenium
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concentrations generally twice those of the NHMRC limit (Lake Macquarie City
Council, 1995).  Coupled with the more recent data of Roberts (1994) and the Hunter
Public Health Unit (1997) study, the Vales Point power station in particular can be
identified as a significant, localised contributor of selenium, by ash dam overflows and
atmospheric deposition, to its immediate surrounds including the far southern portion
of Lake Macquarie and nearby Wyee Creek.
Given the essential north-south separation of the lake into two water bodies via a sand
spit at Wangi Wangi Point (Spencer, 1959), the findings from Figures 5.49 - 5.56 that
selenium concentrations in the order of 3 - 4 mgSe/kg in the first 5 cm of sediments
from the relatively pristine Nords Wharf area provide further potential evidence as to
the impact of the Vales Point power station, approximately six kilometres to the
south-west, in contributing selenium to the southernmost part of the lake.
Alternatively, however, another undiscovered anthropogenic or natural source of
selenium may be contributing to the selenium loads in sediments from the Nords
Wharf region.  The Lake Macquarie region does sit atop a Permian coal seam
(Murphy, 1993), and water percolating through these seams and into the Cragnan Bay
area may bring with it selenium.  In consideration of the impact of coal mine
wastewater discharges into the lake, it has previously been noted (SPCC, 1983) that
these minewater discharges were considered to consist of water of a similar quality to
that of the lake water, resulting from intrusion of lake water or surface rainwater into
the mines.  The mineral properties of the mines were considered by the SPCC (1983)
to be such that no appreciable acidification occurred and hence no major erosion of
mine materials and mobilisation of metals into the water was expected.  Nonetheless,
in conditions where acidification of water percolating through coals seams did occur,
mobilisation of metal into the lake waters could occur.  In addition, coal washeries,
potentially contributors are located on the hills above Cragnan Bay and the Nords
Wharf region, and an examination of these and any potential natural sources of
selenium would need to be undertaken before the Vales Point power station could be
specifically identified as the key contributor of selenium to this particular area.
While revised management practices at the power station in relation to the ash dam
have been implemented in recent years (Sharrock, 1996), based on sedimentation
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rates for the lake calculated by Batley (1987) and Roy and Crawford (1984), it may
be many decades before these heavily contaminated sediments are buried beneath
sufficient “clean” sediment such that bioturbative organisms cannot penetrate into
these sediments, re-exposing, re-oxidising and re-mobilising the selenium within these
sediments.
6.2.3 Heavy Metal Concentrations and Profiles from Lake Macquarie
Concentrations of zinc, cobalt, copper, manganese, lead and nickel were determined
in parallel to the determination of selenium concentrations and profiles from the six
samples sites dispersed throughout the lake.  This was undertaken to provide more
recent data to compare against that collected by previous researchers (Roy and
Crawford, 1984, Batley, 1987), and to provide further evidence in support of the
hypothesis that heavy metal contributions to the lake have been reduced in recent
years due to pollution control measures implemented by the lead-zinc smelter.
Analysis was undertaken of the concentrations of these heavy metals in the surficial
five centimetres of sediment from each of the five sites.  Metals were chosen on the
basis of potential environmental impact and commercial importance; in addition,
elevated concentrations of these elements in Lake Macquarie result from
anthropogenic contamination, and determination of these metal concentrations allows
for comparison with results of previous investigations as compiled in Table 3.1.
All metals studied showed elevated concentrations in the sediments at all six sites
(Figures 5.59 - 5.64).  Average lead concentrations of approximately 300 mgPb/kg
sediment were determined for the Cockle Bay delta region, with the maximum level
recorded elsewhere in the lake being 50 mg/kg.  Zinc concentrations for the Cockle
Bay region averaged approximately 900 mgZn/kg sediment, against a maximum
elsewhere in the lake of approximately 200 mgZn/kg.
Comparing values determined in this investigation for heavy metals with those
previously reported by other investigators, lead and zinc concentrations in sediments
from Cockle Bay are lower than those previously reported.  Roy and Crawford (1984)
reported sedimentary zinc and lead concentrations of 6,250 and 6,000 mg/kg
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respectively for Cockle Bay, with enrichments for lead, cadmium, zinc and copper in
sediments from the north of the lake being 176, 170, 47 and 10 times background.
Additionally, Roy and Crawford (1984) reported that concentrations of these
elements in surficial sediments decreased progressively southwards towards
Mannering Park and the Vales Point power station.  Several years later, Batley (1987)
recorded zinc concentrations in sediments from the Cockle Creek delta as 2,450
mgZn/kg, and lead concentrations as 1,810 mgPb/kg sediment.  Scanes (1993) later
reported zinc and lead concentrations for Cockle Bay as 1,430 and 740 mg/kg
respectively.  While differences in sediment concentrations over time may be a result
of samples being taken at different points throughout the delta and Cockle Bay region,
with high values being recorded for sites where sediments are preferentially deposited
due to flow patterns within the delta region (which is scattered with islands), the
apparent decrease in surficial sediment concentrations in these elements, as also
supported by results reported in this investigation, would suggest that measures taken
to decrease pollutant emissions from the smelter have been effective.
Lead, zinc and copper concentrations in sediments from Vales Point are consistent
with those reported by Batley (1987), if not higher, and similarly, concentrations for
these metals in the Cragnan Bay/Nords Wharf area are also similar to and in many
cases higher than those reported by Scanes (1993), indicating that fly ash deposition
and ash dam overflows (as well as other potential sources of heavy metals to this area
as discussed above) have still been contributors of heavy metals to the southern
regions of the lake in more recent years.
6.2.4 Selenium Concentrations and Profiles from Wyee Creek
As previously noted, Batley (1987) has documented selenium concentrations obtained
for two core samples in Lake Macquarie.  In the northern site, selenium was found
(on a dry weight basis, in the <63 mm fraction ) to be high in surface samples at 14
mg/kg, while it decreased in the southern sample (close to Wyee Bay) to 4 mg/kg in
the 30-45 cm depth.  Coal burning power stations such as Vales Point, are
documented sources of increasing concentrations of selenium in the environment.
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Analyses of fly ash from the major power stations in N.S.W. showed values in the
range of 25-30 mg Se/kg (Swaine, 1977).
The total selenium distribution profiles obtained along Wyee Creek (Figures 5.35 -
5.38) show a similar distribution pattern, and concentrations greatly in excess of
Batley’s (1987) findings. In the 0 - 5 cm sediment fractions, the highest
concentrations of total selenium occurred at Sites 2, 7 and 9 (see Figure 4.3).  Site 2
was located at the weir, where discharge from Mannering Lake ash dam leaves the
concrete channel and first contacts the sediment.  Concentrations at this site were
recorded close to 200 mg/kg.  Site 9 was located at the inlet of Mannering Bay to
Wyee Creek and is a favoured recreational fishing area.  The high concentrations (up
to 300 mg/kg) of selenium may be attributed to Mannering Bay receiving the
complete Vales Point Power Station ash dam discharge around 15 years ago.
In the 5 - 10 cm and 10 - 15 cm sediment depths, Site 7 indicated the highest
concentrations of total selenium, up to 500 mg/kg in a single core taken from this site
(with the values reported in Figures 5.36 and 5.37 being averages of the
concentrations in the duplicate cores obtained from the site).  This site was located in
close proximity to the opening of Mannering Bay into Wyee Creek.  The distribution
of selenium in the 15 - 20 cm sediment again shows enrichment around Site 9, for
both cores. The concentrations at these two sites indicate the length of time, allowing
for sedimentation, that high selenium concentrations have been supplied to this area.
The thickness of the contaminated sediment layer depends on the length of time high
concentrations of trace metals are supplied to the water course and the local
sedimentation rates and the extent of physical mixing (Roy and Crawford, 1984).
One interesting observation from the distribution profiles was the apparent enrichment
of selenium at Site 4 compared to the surrounding Sites 3 and 5. This was clearly
illustrated by Figures 5.35 and 5.36 for the 0-5cm and 5-10 cm sediment depths.  The
two cores taken at this site were obtained from the edge of the creek rather than the
centre of the creek, as for the other cores. It may appear that the selenium has
accumulated in the sediment on the creek edges, which may result from the
depositional environment offered by the creek edges where the creek is shallow and
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water flow of a lower velocity.  Further cores taken as a cross-section of the creek
would confirm or refute this hypothesis.
The distribution profiles also indicated the areas of lower concentrations, which
correspond to concentrations obtained for the upstream cores (Site 1).  At all depths,
selenium concentrations at Site 3 were low, which indicated there may be flushing of
the site by the upstream water as it enters the channel.  In the same way,
concentrations at Site 10 were also low in comparison to site 9, which was only 200
metres away.  This may be explained by daily tidal flushing into Lake Macquarie at
Site 10 (which is directly connected to the lake and close to it, while Site 9 is in a
slow-moving branch of the creek which is not directly connected to the lake).  In the
upper sediment depths, Sites 5 and 6 also showed low selenium concentrations as they
were not directly impacted by metal contamination from the ash dam source.
The results from this work show total selenium concentrations in Wyee Creek to be
up to 36 times those recorded in Lake Macquarie surface sediment by Batley (1987).
In the 30 - 45 cm depth, concentrations in the Creek are 13 times greater than the 4
mg/kg recorded in the Lake.  As previously observed, Roberts (1994) reported
selenium accumulation to be 12 times the NHMRC concentrations in Lake Macquarie
and therefore there is the likelihood that benthic organisms, fish and seagrasses in
Wyee Creek would be highly contaminated with selenium and so pose a health risk to
humans.  As seen at Kesterson Reservoir, USA, the high selenium concentrations in
the sediment may be impacting elsewhere in the food chain such as plants, water birds
and fish.  Further investigation of selenium contamination of Wyee Creek and its
ecosystem is therefore warranted.
Data regarding the speciation of selenium in Wyee Creek sediments is presented in
Appendix 11.  For the first core from Site 4, the highest selenium concentrations
occurred in the top three 5 cm sediment layers, with another fluctuation in the 20 - 30
cm layer. In contrast, the second core from Site 4, showed highest concentrations for
the 20 - 30 cm sediment layer.
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In the remaining cores, the lowest selenium concentrations are uniformly contained
within the 15 - 20 cm sections.   However, unlike results obtained by Roy and
Crawford (1984) for lead, copper and zinc in Lake Macquarie, there was not a trend
of decreasing selenium concentration with depth throughout all sites. The data
discussed previously for Site 4, as well as for Sites 3 and 5 as contained in Appendix
11 confirm this, with the latter two sites both showing a dramatic increase in selenium
concentrations in the 10 - 15 cm layer. These outcomes may be explained by the
changing nature of selenium discharges from the ash dam over time, and as a result,
the selenium content in the upper sediment has dropped in comparison to the deeper
sediments.  With the change in operations at Vales Point power station since early
1996 of recycling the ash dam water back to the station (Sharrock, 1996), less
selenium-contaminated water and overflowing fly ash may contact the creek sediment,
and therefore a further decrease of selenium concentrations in the upper sediment
layers may occur in the future.
6.2.5 Heavy Metal Concentrations and Profiles from Wyee Creek
As previously discussed, zinc, copper, lead and cadmium have been found to be
enriched in the surface sediments in Lake Macquarie.  Studies conducted by Roy and
Crawford (1984) have shown maximum enrichments above natural background
concentrations at the northern end of the Lake of 176 times background
concentrations for lead, 170 times background concentrations for cadmium, 47 times
background concentrations for zinc and 10 times background concentrations for
copper.  The concentrations of these metals in Lake Macquarie sediments decrease
progressively southwards towards Vales Point. The concentration characteristics of
these metal contaminants were analysed in Wyee Creek as part of this research to
characterise the heavy metal load of the creek and to determine whether it is a direct
source of metal contamination to the Lake.
Elements known to be present in high concentrations in N.S.W. bituminous coal fly
ash include copper and zinc, which contain mean fly ash concentrations of 80 and 130
mg/kg respectively.  Lead and cadmium are present in fly ash in minor amounts
(Swaine, 1977).  Tests on copper concentrations near Vales Point have shown
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enrichments which were attributed to fly ash in the Wyee Bay surface sediment
(Batley, 1987).  However, Batley’s analyses (1987) concluded that the ash dam
waters were not a likely source of copper.
Sediment concentrations of zinc, lead, copper and cadmium are included in Appendix
12 in Figures A12.1 - A12.16.  Concentrations of zinc in Wyee Creek sediments
collected from the base of the weir range from approximately 1,600 mg/kg to
approximately 5,750 mg/kg on a dry weight basis.  This maximum value is
comparable with the maximum concentrations of zinc reported in Lake Macquarie,
namely 6,250 mg/kg (Roy and Crawford, 1984) and 7,100 mg/kg (Ying et al., 1992),
which were recorded for sediments obtained from the Cockle Bay area.  The origin of
this zinc contamination of the Wyee Creek sediments (noting that values for zinc
concentrations in sediment samples collected in Wyee Creek some 3 km upstream
from the junction of the creek with Wyee Channel were found to be approximately
400 mg/kg in the top 5cm and approximately 200 mg/kg in the 5 - 10 cm layer) is
most likely the fly ash contained in Mannering Lake, which has escaped via
Mannering Creek and the spillway into Wyee Channel and thence Wyee Creek.
Swaine (1977) collated data on zinc concentrations in soils and fly ash, and observed
that zinc concentrations reported in the literature throughout the world ranged from
30 - 10,000 mg/kg, while for NSW coal these concentrations ranged up to 1,000
mg/kg.  Soils concentrations of zinc throughout the world ranged from 10 - 300
mg/kg (Swaine, 1977), indicating that the origin of zinc contamination of Wyee Creek
sediments is anthropogenic.
For copper, Swaine (1977) noted a world concentration range in fly ash of 10 - 500
mg/kg, while for NSW fly ash this range was 40 - 200 mg/kg.  Soil concentrations for
copper throughout the world ranged from 2 - 100 mg/kg.  While copper
concentrations in Wyee Creek sediment reached a maximum of approximately 98
mg/kg in sediments at the base of the weir in Wyee Channel, the absolute and relative
maxima exhibited at this point, in conjunction with maxima also observed for zinc and
lead also at this point, indicate again an anthropogenic origin for copper
contamination of Wyee Creek.  Roy and Crawford (1984) and Ying et al. (1992)
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reported maximum values of copper in Lake Macquarie of 305 and 370 mg/kg
respectively in the Cockle Bay delta area.
Lead concentrations reported for fly ash throughout the world by Swaine (177)
ranged from 10 - 900 mg/kg, with this range being 20 - 200 mg/kg for lead.  Soil
concentrations for lead throughout the world were also reported (Swaine, 1977) to be
2 - 200 mg/kg.  In Lake Macquarie, a maximum lead concentration of 6,000 mg/kg
was reported in the Cockle Bay area by Roy and Crawford (1984).  In Wyee Creek,
the maximum lead concentration observed was approximately 185 mg/kg at the base
of the weir in Wyee Canal.
Roy and Crawford reported a maximum cadmium concentration of 600 mg/kg in
sediments from Cockle Bay.  The maximum concentration of cadmium encountered in
Wyee Creek was approximately 2.5 mg/kg.  Swaine (1977) did not report cadmium
concentrations.
The high concentrations of zinc, copper and lead encountered at the base of the weir
are indicative of a depositional environment for sediment.  Zinc, lead and copper are
all enriched in fly ash, and hence high concentrations of these elements would be
expected at the base of the weir where sediments and fly ash particles deposit after
overflowing from the Mannering Lake ash dam upstream.  The lack of enrichment of
these sediments with cadmium in comparison to the other sample sites in Wyee Creek
indicates that cadmium is not a major component of fly ash.  The maxima for
cadmium are observed near the entrances from Mannering Lake into Wyee Creek, and
may indicate a natural or anthropogenic source for cadmium in that area.
Concentrations of cadmium encountered in Wyee Creek however are not of
environmental concern in comparison to concentrations encountered in Lake
Macquarie sediments.
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6.2.6 Total Organic Carbon Analyses
As noted in Section 5.4, Total Carbon (TC), Total Inorganic Carbon (TIC) and Total
Organic Carbon (TOC) were determined for selected Lake Macquarie sediments and
sediments from Wyee Creek to provide data on carbon concentrations and distribution
in these sediments and to determine the existence of any possible trends in these
concentrations, given the observed association between selenium and the organic
fraction of sediments arising from the geochemical phase association studies of
sediments.
Organic carbon was found to comprise the majority of total carbon for cores taken
from a site at Mannering Park near the Vales Point coal-fired power station.  Total
carbon reached a maximum of 1.6% at a sediment depth of 15 - 20 cm, also which
corresponded approximately to the maxima observed in the two cores from this site
which were examined for selenium (Core 1A and 1B, Table A9.1).
Of interest in Figure 5.42 (which depicts TC and TOC concentrations in the top 5 cm
of sediment from Site W4 in Wyee Creek) is the absolute maxima of approximately
2.4% for total and organic carbon at the sample site 5.45 km downstream of Wyee
Creek from the weir at Wyee Channel.  This point corresponds to the point at which
Wyee Creek and Lake Macquarie meet, and was also less than one hundred meters
transverse distance downstream from where the creek enters Mannering Lake.  It is
suggested that the high carbon measurements obtained here could be a result of influx
of carbonaceous material from the two lakes.
However, no correlations between selenium and TOC profiles for Wyee Creek were
observed.  A vertical profile of TOC was obtained for the deepest cores taken at Site
W4 and plotted against selenium concentrations for this site (see Figure 5.40).  TOC
was seen to significantly decrease with depth to 35 cm and then increased slightly in
the 35 - 40 cm sediment layer, while selenium concentrations were was approaching a
minima at this point.  The highest TOC concentrations recorded were at Site W10
(over 3%) and selenium concentrations at this site were high at approximately 100
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mg/kg.  However, at Site W2, where high selenium concentrations have been
recorded, the site  was not observed to be high in TOC.
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CHAPTER 7
CONCLUSIONS
This work investigated the null hypothesis that the oxidation states of selenium in
sediments from Lake Macquarie, NSW, are independent of microbial activity.  This
was partly in response to the concern of Maher et al. (1992) and Maher and Batley
(1990) as described in Chapter 1 that selenium has not been characterised sufficiently
in Australian marine ecosystems to know whether or not it poses an environmental
hazard, and also partly in response to reports of selenium contamination of fish
species from the lake at levels up to twelve times those recommended for human
consumption (Roberts, 1994).  These authors suggested that future research within
Australia should be directed at obtaining information on: selenium content of waters,
sediments and biota of nearshore environments; speciation of selenium in water,
sediments and biota; and selenium’s relationship with other trace elements.  This
work was therefore directed at providing information on selenium distribution in Lake
Macquarie sediments, speciation of selenium in such sediments, and the
microbiological processes which may impact such speciation.
In investigating the null hypothesis proposed for this work (namely, that that the
oxidation state(s) of selenium in sediments from Lake Macquarie, NSW, are
independent of microbial activity - see Chapter 1), several subordinate hypotheses
were also investigated, relating to the ability of indigenous microorganisms from the
lake to reduce selenium as selenite (S (IV)) and selenate (Se(VI)) to lower oxidation
states, and also regarding the oxidation state and characteristics of selenium in Lake
Macquarie sediments.  The main conclusions reached from this work are summarised
below and are accompanied by suggested areas for further research.
Selenium concentrations in the Lake Macquarie sediments examined in this work were
lower than those obtained for comparable sites by Batley (1987) approximately a
decade earlier.  Acknowledging that sample sites may have been slightly different
between Batley’s (1987) study and the results reported here and that other factors
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(such as bioturbation, dredging, and the specific physical and chemical characteristics
of the sediments) may contribute to these differences, it is hypothesised that recent
reductions in selenium emissions from the lead-zinc smelter which have resulted in a
90% decrease in selenium emissions from a decade ago (Woodford, 1995) have
contributed to a reduction in selenium being deposited in and with the surficial
sediments of the lake bed.  Given that up to 44% of the selenium in the sediments was
found by the sediment phases association studies carried in a remobilizable (and hence
potentially bioavailable) form, a dramatic decrease in the quantity of selenium being
deposited by the lead-zinc smelter would likely result in a decrease in the total amount
of selenium available for uptake by benthic and aquatic organisms, all other factors
being constant.
Wyee Creek, one of the three main fluvial inputs to Lake Macquarie, and the main
disposal route for several decades for overflow water from the ash dam associated
with the Vales Point coal fired power station to the south of the lake, was examined in
this work as a case study of the impact of the disposal of these wastes into the
watercourse and the impact, if any, of this on the lake.  While historical data on
selenium concentrations in the creek was unavailable, an important finding of this
work is that, in contrast to the hypothesised decrease in selenium levels in Lake
Macquarie  itself, selenium levels in the sediments of Wyee Creek were found to be up
to an order of magnitude higher than those in the lake.  While revised management
practices at the power station in relation to the ash dam have been implemented in
recent years (Sharrock, 1996), based on sedimentation rates for the lake calculated by
Batley (1987) and Roy and Crawford (1984), it will be many decades before these
heavily contaminated sediments are buried beneath sufficient “clean” sediment such
that bioturbative organisms cannot penetrate into these sediments, re-exposing, re-
oxidising and re-mobilising the selenium within these sediments.
Seven distinct bacterial species indigenous to Lake Macquarie were identified in this
work with the ability to reduce selenium as selenite to elemental selenium, and
selenium as selenate to organic forms of selenium, including volatile methylated
selenium compounds. Mixed populations of sediment microorganisms were also
isolated and studied in this work for their selenite and selenate reduction abilities.
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Metabolic parameters calculated for these organisms compared favourably with those
reported in the literature by other researchers, indicating that the organisms have
potential use in the biological treatment of selenium-impacted sediment and
seleniferous waste streams.
Total reduction of added selenite at levels up to 100 mg/l was recorded for a number
of the organisms studied in this work.  A maximum specific uptake rate for selenite of
3,040 mgSe(IV).(gcells)-1.(h)-1 for one isolate (Shewanella putrefaciens) was
determined, exceeding rates reported in the literature  by other authors.
Consistent with findings reported in the literature (Oremland, 1995; McCready et al.,
1966), it was apparent that the ability to reduce selenite (but not selenate) to
elemental selenium is a common feature amongst many diverse micro-organisms.
Selenate reduction by the individual isolates and mixed cultures examined in this work
was invariably less effective (in terms of percentage reduction) than that for selenite.
Interestingly, the organisms were able to withstand minimum inhibitory concentrations
of selenate one-to-two orders of magnitude higher than those for selenite, although
this was postulated as being due in part to the inherent decreased toxicity of selenate
compared with selenite (Cooper and Glover, 1974).
Use of indigenous micro-organisms from Lake Macquarie for the bioremediation of
selenium containing waste streams was also examined in this work and selenium
reduction in an immobilised cell reactor was demonstrated with such organisms,
although the low efficiencies of conversion encountered suggest that opportunities for
optimisation exist.
This work can and does only provide a “snapshot” of conditions within Lake
Macquarie and its associated fluvial inputs, confined temporally to the several
sampling occasions reported in this work.  While this work does not present a
definitive picture of selenium concentrations in sediments throughout the entire
benthic surface of the lake, it does make several important contributions to the
understanding of selenium biogeochemistry in Lake Macquarie.
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This work:
· proposed the hypothesis that selenium levels in surficial sediments being deposited
in the north of the lake have decreased in recent years as a result of selenium
reduction measures undertaken by the lead-zinc smelter;
· identified that up to 44% of selenium in surficial sediments from the lake is
associated with sediment phases in which selenium has the potential to become
remobilized and hence possibly bioavailable; and
· documented selenium concentrations in Wyee Creek, identifying the area as
having selenium concentrations an order of magnitude or more greater than the
lake itself.
Regarding the involvement of microorganisms in the biogeochemical cycling of
selenium in Lake Macquarie, this work has:
· identified individual isolated and mixed cultures of bacteria that can reduce
selenium as selenite to lower oxidation states;
· identified individual isolated and mixed cultures of bacteria that can reduce
selenium as selenate to lower oxidation states;
· identified volatile methylated selenium compounds in the headspace gases of
microorganisms reducing selenate;
· determined Minimum Inhibitory Concentrations for selenate and selenite for
organisms isolated from Lake Macquarie;
· identified casein hydrolysate as a preferred carbon source for selenium reducing
microorganisms from Lake Macquarie; and
· demonstrated that bioremediation of selenium contaminated waste streams using
indigenous organisms from Lake Macquarie is feasible on the laboratory scale.
This suggests a number of areas of further investigation which would be appropriate
to pursue:
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1. Further Investigations of Selenium in Wyee Creek.  Elevated selenium levels in
Wyee Creek coupled with data reported in Chapter 3 concerning selenium levels in
fish from the creek indicate that a potential risk to human health and to the local
ecosystem exists in Wyee Creek.  Further studies to verify the findings reported in
this work, to identify selenium “hot spots” in the creek and to examine the impact
of selenium on benthic and aquatic communities in the creek, including especially
piscivorous birds, is warranted.
2. Determination of Microbiological Role in Selenium Reduction in-situ.  While the
data presented in this work points to a role for indigenous microorganisms in the
biogeochemical cycling of selenium in Lake Macquarie, this is based on the study
of these bacteria under laboratory conditions on defined or semi-defined media.
Study of simulated in-situ reduction of selenium by indigenous micro-organisms in
laboratory mesocosms comprising actual Lake Macquarie sediment, water and
benthic organisms, would provide additional date to support a role for these
organisms identified in this work in the cycling of selenium in the lake.
3. Optimisation of Selenium Biotreatment/Bioremediation of Selenium-Containing
Waste Streams and Sediments.  The ability of indigenous organisms from Lake
Macquarie to reduce selenium from mobile and toxic oxidation states to lower,
less toxic, immobile or volatile oxidation states suggests a use for these organisms
in the remediation of selenium-containing waste streams and of selenium
contaminated soils and sediments (Thompson-Eagle and Frankenberger, 1992).
These treatment techniques have potential in the industries of the Lake Macquarie
area for use as “end-of-pipe” solutions for treating aqueous waste streams
containing selenium, and also in the lake itself for treatment of sediments and soils
contaminated with selenium.  Optimisation of organisms, substrates, carbon
sources, nutritional supplementation and reactor design and kinetics would be
required to further progress the use of these organisms, but the research of
Thompson-Eagle and Frankenberger (1992) using indigenous microorganisms for
sediment/soil bioremediation in the San Joaquin Valley, CA, USA, indicates that
such applications do have promise.
In rejecting the null hypothesis that the oxidation states of selenium in sediments from
Lake Macquarie, NSW, are independent of microbial activity and accepting the
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alternate hypothesis that these oxidation states are not independent of microbial
activity, this work, in small part, adds to the understanding of the role of
microorganisms in the biogeochemical cycling of selenium, having applicability to
both the specific ecosystem of Lake Macquarie, NSW, and also to selenium cycling in
the environment in general.  Further, it has identified selenium contamination in one of
the fluvial inputs to Lake Macquarie which has previously been undocumented in the
literature and poses significant potential risk due to sediment selenium levels one or
more orders of magnitude higher than those recorded in the lake itself.  Insight has
also been provided into the speciation and geochemical phase associations of selenium
within Lake Macquarie sediments, as well as providing data on the spatial distribution
of selenium within the lake.  Finally, this work has also identified a number of
microorganisms indigenous to Lake Macquarie with the ability to reduce selenium
from toxic, mobile forms to less toxic, immobile or volatile forms, and these
organisms have been shown to have the potential for use in treatment of selenium
contaminated waste streams and also in the bioremediation of selenium-contaminated
sediments.
It is perhaps a fitting irony, from this author’s anthropocentric perspective, that the
cause of the problems facing Lake Macquarie, NSW, in respect of selenium
contamination - namely the influx of selenium-containing waste streams from industry
surrounding the lake - has resulted in the identification in this work of micro-
organisms indigenous to the lake possessing the ability not only to tolerate these levels
of selenium, but potentially to assist in the remediation of contaminated sections of
the lake floor and of the selenium-containing waste streams entering the lake in the
first instance.  It is therefore appropriate to end this volume with the words of one of
the anonymous reviewers of this work, who noted that the research described in this
volume “does... thank goodness, describe how gaia w rks.”
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APPENDIX 1
VALIDATION OF SAMPLE PREPARATION PROCEDURES
A1.1 THE NEED FOR VALIDATION
As observed in Section 4.7.4, analysis of the < 63 µm sediment fraction is a procedure
which is typically employed in the geochemical analysis of sediments.  This method of
size normalization allows researchers to account for variations in the proportions of
sand, silt and clay composition of different sediments used (Batley, 1987; Roy and
Crawford, 1984), based on the implicit assumption that heavy metals and metalloids
preferentially partition into the < 63 µm sediment fraction (typically containing clay
particles) instead of the coarse sand-containing fractions.
Remobilisation of selenium from the sediment into the overlying wash-waters
resulting from the wet-sieving procedure used to obtain the < 63 µm fraction from the
sediment being studied, was also considered as a potential issue in Section 4.7.4.
The potential loss of sedimentary selenium into the overlying wash water, as well as
the validity of the assumption regarding preferential partitioning of selenium and
heavy metals into the < 63 µm sediment fraction, was investigated as part of this
research and the method and results of these investigations are detailed below.
A1.2 VALIDATION METHODOLOGY
To validate the assumption regarding preferential selenium partitioning into the < 63
µm sediment fraction for sediments from Lake Macquarie, and to address the issue of
selenium remobilisation into the wash-water above the sieved sediment, two sediment
cores were taken on December 14, 1995 from a site at Mannering Park in the south of
the lake (Site 1 on Figure 4.1), adjacent to the Vales Point power station.  Cores were
taken using the sampling apparatus and procedures described in Section 4.7.2, and
were sectioned under air and then stored as described in Section 4.7.3.  Upon thawing
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the sealed containers in the refrigerator at 4 °C, samples were wet-sieved and dried as
described in Section 4.7.4, with two variations to the procedure, namely: i) wash-
water was not discarded, but retained for analysis; and ii) the sediment fractions
retained on the 63 µm mesh were not archived but were split and dried as for the < 63
µm fraction.  Water samples were acidified to a pH of < 2.0 with 1M HCl (AnalaR,
BDH, VIC) and then stored in a refrigerator at 4 °C prior to subsequent treatment
and analysis.  Total selenium and Se(IV) concentrations in the wash water were
determined with no pre-concentration by hydride generation atomic absorption
spectroscopy (HGAAS) as detailed in Section 4.8 below.  Samples for total selenium
analysis were converted to the Se(IV) oxidation state prior to analysis, following the
procedure detailed in Section 4.7.7.  Sediment samples were digested as described in
Section 4.7.6 and selenium present in the sample digests was selectively converted to
the IV oxidation state according to the procedure detailed in Section 4.7.7.  Analysis
of digested, converted samples for selenium content was carried out as described in
Section 4.8.
A1.3 VALIDATION RESULTS
A1.3.1  Selenium Partitioning Between Sediment Size Fractions
From Section A1.2, two sediment cores were taken from a site at Mannering Park in
the south of the Lake, adjacent to the Vales Point power station to validate the
implicit assumption in the exclusive analysis of the < 63 mm size fraction in
geochemical analyses that heavy metals and metalloids preferentially partition into the
< 63 mm sediment fraction for sediments from Lake Macquarie.
Samples for analysis were prepared by: wet-sieving then drying sediment samples at
60 °C (Section 4.4.1.5); digestion (Section 4.4.2); selective conversion of selenium to
the IV+ oxidation state (Section 4.4.3); and analysis of digested, filtered samples by
HGAAS (Section 4.4).
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Total selenium concentration profiles in the < 63 mm sediment fractions for the two
cores are shown in Figure 5.2.  The profiles of both cores depict an increase in total
selenium concentrations to a maximum of between 2.1 and 2.9 mg Se/kg sediment for
both cores at a depth of 7.5 cm.  Total selenium concentrations then decrease deeper
into the core to a range of 0.5 - 1.0 mg Se/kg sediment from a depth of approximately
15 cm to the bottom of the cores at 27.5 cm and 37.5 cm.
Profiles of total selenium concentrations determined for the < 63 mm sediment
fraction and the > 63 mm, < 2 mm fraction for Core 0-A and 0-B are presented as
Figures 5.2 and 5.3, respectively.  Core 0-B shows a closer parallel between trends in
total selenium concentrations in the two sediment fractions than Core 0-A, where
trends are followed over some depth ranges but not others.  In general, total selenium
concentrations for Core 0-A in the > 63 mm, < 2 mm sediment fraction range between
0.1 and 1.0 mg Se/kg sediment for the first 17.5 cm and are less than 0.2 mg Se/kg
sediment below a depth of 27.5 cm.  However, Core 0-A shows a dramatic spike in
total selenium concentration in the > 63 mm, < 2 mm fraction at a depth of 22.5 cm,
with a value of 2.5 mgSe/kg sediment, compared with the corresponding total
selenium concentration at this depth in the < 63 mm fraction of 0.9 mgSe/kg sediment.
While both sediment fractions show an increase in total selenium concentration at this
depth, the size of the > 63 mm, < 2 mm fraction is inconsistent with other recorded
values for both this core and Core 0-B, and at 2.5 mg Se/kg sediment is also amongst
the highest total selenium concentration recorded for either fraction from these two
cores.  It is possible therefore that this result is due to gross experimental error, such
as contamination of the sediment sample between thawing and analysis, or due to
incomplete wet-sieving, leaving a portion of the < 63 mm sediment fraction in the >63
mm, < 2 mm fraction, thereby confounding the results for this sample.
Core 0-B showed a more consistent trend in the variation of total selenium
concentrations with depth between the two sediment fractions.  Here, total selenium
concentrations in the > 63 mm, < 2 mm fraction were seen to rise slightly in parallel
with a rise in concentrations in the < 63 mm fraction, and then tail off to a minimum,
again in parallel with the concentrations in the < 63 mm fraction.  The maximum total
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selenium concentration in the > 63 mm, < 2 mm fraction was 0.39 mg Se/kg sediment
at a depth of 7.5 cm (corresponding to the maximum concentration recorded for the
<63 mm fraction at this depth of 2.1 mg Se/kg sediment.
With the exception of the peak in total selenium concentration of 2.5 mg Se/kg
sediment recorded for Core 0-A in the > 63 mm, < 2 mm fraction at a depth of 22.5
cm into the sediment core, and which is considered to be due to contamination of the
sample or other gross experimental error, selenium in the sediment cores studied from
the Vales Point site in Lake Macquarie was found to be predominantly associated
with the < 63 mm sediment fraction and therefore the assumption regarding
partitioning of heavy metals and metalloids into this size fraction was considered valid
for these samples.  Nonetheless, selenium was found in the > 63 mm, < 2 mm fraction
and in many instances at a significant proportion of the concentration of selenium
found in the < 63 mm fraction.  Expressed as a percentage of total selenium
concentrations in the < 63 mm fraction, total selenium concentrations in the > 63 mm,
< 2 mm fraction ranged from 9 % to 280 % (the latter corresponding to the peak at
22.5 cm depth) for Core 0-A, and from 8 % to 20 % for Core 0-B.
Size-normalisation of sediment data based on analysis of the < 63 mm fraction was
therefore used in this research to allow comparison of samples between sites with
different sediment compositions and with previous research on selenium in Lake
Macquarie and elsewhere (Batley, 1987; Roy and Crawford, 1984, etc.).  While no
analyses were subsequently perfomed as part of this research on the > 63 mm, < 2 mm
sediment fraction, and all results reported in subsequent sections are for the < 63 mm
sediment fractions, it must be noted that the selenium component of the > 63 mm, < 2
mm sediment fraction for these two cores taken at this site in Lake Macquarie was not
insignificant.  As such, further investigation of this fraction, and/or refinement of the
wet-sieving method to ensure or verify that none of the <63 mm sediment fraction
remains on the 63 mm mesh is warranted.
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Figure A1.1 Total Selenium Profiles For Cores 0-A and 0-B, Vales Point
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Figure A1.2 Total Selenium Concentration Profiles, Core 0-A, Vales Point - 
<63 mm and >63 mm, <2 mm Fractions
0.00
0.50
1.00
1.50
2.00
2.50
3.00
0.00 10.00 20.00 30.00 40.00
Depth, cm
[S
e
],
 m
g
/k
g
Se(Tot) <63 um
Se(Tot) >63 um, <2mm
308
Figure A1.3 Total Selenium Concentration Profiles, Core 0-B, Vales Point - 
<63mm and >63 mm, <2 mm Fractions
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Figure A1.4 Selenium Speciation, Vales Point, Core A, <63 mm Fraction
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Figure A1.5 Selenium Speciation, Vales Point, Core B, <63 mm Fraction
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Figure A1.6 Selenium Speciation, Vales Pt, Core A, >63 µm, < 2 mm Fraction
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Figure A1.7 Selenium Speciation, Vales Pt, Core 0-B, >63 µm, < 2 mm Fraction
A1.3.2 Remobilisation and Loss of Selenium in Wet-Sieving
The wet-sieving procedure for sediments described in Section A1.2 results in <63 mm
sieved sediments being in contact with the wash-water used to carry them through the
63 mm mesh for up to 5 days.  Remobilisation of selenium from the sediment into the
overlying wash-waters which are then discarded was previously noted as a potential
concern, with the possibility that sediment selenium concentrations will underestimate
the actual selenium concentrations in the sediment due to loss of selenium into the
wash-water.
Total selenium and Se(IV) concentrations in the wash-water above the < 63 mm
sediment fractions were determined for the majority of core sections studied in this
validation of sample preparation procedures.  Results from HGAAS for total selenium
concentrations in the wash-water showed that some remobilisation of selenium from
the sediment into the overlying wash-water does occur, as total selenium
concentrations in the water used for wet-sieving are below the limit of detection of
the instrument.  Total selenium concentrations in the wash-water ranged from 0.2 -
7.2 mg/l.  These values were converted to a milligrams of selenium lost per kilogram
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of sediment basis (Table A1.1) by multiplying the concentration values by the volume
of wash-water above each sediment fraction, and then dividing by the mass of
sediment obtained from each wet-sieving operation.  Exp essed as a percentage of the
total selenium recovered from the sediment by HGAAS, it is seen that while some
remobilisation of selenium does occur from the wet-sieving procedure, the amount of
selenium lost from the sieved sediment represents only a small fraction (between 1 - 4
%) of the total selenium determined in the sediment.  Therefore, wet-sieving of
sediments using the method described in Section 7.3 was considered for the purposes
of this research to result in negligible remobilisation of selenium from the sieved
sediments into the overlying wash-water.
A1.4 DRY WEIGHT CORRECTIONS
Sediment samples for selenium analysis were dried in a laboratory at 60 °C 
minimise the possibility of loss of selenium from the sample through vo atilisation
which may occur if the sample is dried at a higher temperature.  How ver, samples
dried at 60 °C instead of the 105 °C typically used for dry weight determinations (as
used here for sediments for analysis of metals or metalloids other than selenium) may
contain residual water, and as such a correction factor may need to be applied to
express 60 °C dry-weight selenium concentrations on a 105 °C dry-weight basis.
The need for this correction factor for sediments studied in Lake Macquarie was
determined as part of the validation of sampling preparation procedures using the two
sediment cores (Core 0-A and 0-B) collected from the Vales Point Site.  Sediment
moisture content was calculated as the difference between the wet weight and the dry
weight of the sediment sample divided by the wet weight.  For each individual core
section, these values were calculated and compared for the sub-sample dried at 60 °C
and the sub-sample dried at 105 °C.
A residual moisture differential for the sub-samples dried at 60 °C was calculated by
subtracting the percentage moisture calculated for the 105 °C sample from that
determined for the 60 °C sub-sample.  As samples dried at 105 °C could be expected
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to be completely “dry”, whilst samples dried at 60 °C could be expected to have some
residual moisture, the value for the residual moisture differential could therefore be
expected to be positive.  While in both sets of <63 mm fraction samples, and in one of
the >63 mm, <2 mm fraction sets, the majority of residual moisture differential were
found to be positive as expected, the second set of >63 mm, <2 mm samples had the
majority of differentials negative, and in all other cores between 20-36% of residuals
were negative.  Average percentage residuals for the three core sets returning a
majority of positive values ranged from 0.4% to 0.9%, and the average percentage
residual for the core sets with a majority of negative residuals was -0.05%.
The impact of the moisture differences (where a positive difference exists) between
sediment samples dried at 60 °C and 105 °C was thus seen to be negligible.  Given
also the variability in the magnitude of these differences reported above, it was
concluded that no correction factor would be applied to selenium concentrations
based on sediment dried at 60 °C, and that such selenium concentrations would be
considered to be on a 105 °C dry-weight basis.
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Table A1.1 Remobilisation of Selenium Due to Wet-Sieving
Core Depth
(cm):
Wash-
water
Volume
(mL)
Mass
sediment,
dry (g)
AAS conc
(mg/l)
%RSD mg Se
released/ kg
Sediment
% of total Se
recovered
Core 0-A
1 415 20.0497 1.6 3.8 0.033118 3.10%
3 380 37.7799 3.3 4.1 0.033192 2.55%
5 247 23.0844 3.1 1.5 0.03317 1.78%
7 240 34.8219 7.2 1 0.049624 1.70%
9 270 27.6979 5.4 2.9 0.052639 2.95%
11 282 20.6504 2.4 2 0.032774 2.99%
13.5 525 37.0531 0.7 11.5 0.009918 1.45%
17.5 715 57.2603 1.4 40.1 0.017482 3.43%
27.5 710 52.566 0.4 11.7 0.005403 1.04%
32.5 723 56.5084 0.3 21.7 0.003838 0.81%
37.5 300 33.2137 1.1 5.6 0.009936 1.26%
Core 0-B
1 405 19.0706 0.6 2.7 0.012742 0.93%
3 270 19.1032 1.3 6 0.018374 0.96%
5 410 26.4236 0.4 7.3 0.006207 0.33%
7 310 24.1708 0.4 3.7 0.00513 0.24%
12.5 845 62.1303 1.1 11 0.01496 1.02%
17.5 845 44.7554 1.7 5.7 0.032097 3.56%
22.5 1060 41.6026 0.2 30.8 0.005096 1.58%
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APPENDIX 2
CALIBRATION CURVES FOR HEAVY METALS
A Varian SpectrAA/20 atomic absorption spectrophotometer was used in flame mode
(flame atomic absorption spectroscopy, or FAAS) for the determination of
concentrations of heavy metals in sediments as detailed in Section 4.9.1.  Conditions
employed during analysis of sediment heavy metals concentrations that were specific
to each element are presented in Table 4.12.  Sample calibration curves for all heavy
metals studied are presented below as Figures A2.1 through A2.8.  The sample
calibration curve for selenium is presented as Figure 4.9 in Chapter 4 and is discussed
in Section 4.8.6.
Figure A2.1 Sample Calibration Curve for Cd
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Figure A2.2 Sample Calibration Curve for Co
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Figure A2.3 Sample Calibration Curve for Cu
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Figure A2.4 Sample Calibration Curve for Fe
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Figure A2.5 Sample Calibration Curve for Mn
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Figure A2.6 Sample Calibration Curve for Ni
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Figure A2.7 Sample Calibration Curve for Pb
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Figure A2.8 Sample Calibration Curve for Zn
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APPENDIX 3
IDENTIFICATION OF BACTERIAL ISOLATES
As noted in Section 4.4.3, identification of the bacterial isolates found to be capable
of reducing selenite to elemental selenium was performed to genus and species level
by the NSW Department of Agriculture Biological and Chemical Research Institute
(Bradley, 1994) via GC fatty acid analysis against the MIDI Microbial Identification
System (HP 5898a, Hewlett-Packard Company, Avondale, PA., USA) Trytophan Soy
Base Agar (TSBA) Library Version 3.8.
For each isolate, a similarity index was determined for each library match, and
indicated how closely the comparison of an isolate compared with the fatty acid
composition of the library matches.  As noted in Section 4.4.3, a  similarity index of
0.6 to 1.0 is an excellent match, with 1.0 being the highest possible.  An MIS
identification giving only one match with a similarity index greater then 0.5 has a
strong likelihood of being correct, while single-matched identifications with
similarities less than 0.3 may indicate an organism not in the library, but related to the
MIS match.  Organisms having similar fatty acid compositions may have a library
search resulting in matches all with similarities greater than 0.5 (Anonymous, 1987).
No match with the TSBA library database may also occur.  This does not necessarily
mean that the organism returning a “no match” result is a new species, as the
organism may have already been isolated and identified but details of its fatty acid
composition not entered into the database.
The following figures represent the output from the analysis of the seven isolates
against the library.  Figure A3.1 presents a summary of the similarity indices
calculated for each isolate.  Determinations for Isolate 4 were required to be repeated
(runs 4,585 (contaminated) and 4,587) as the total peak area from the GC initially
determined (7,950) was considerably less than the minimum area required for a
determination of 50,000.
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Figure A3.2 is a dendogram which shows the similarity between the isolates.  As a
rule of thumb, the MIDI Microbial Identification System relates the same strain run a
number of times at less than 2, the same subspecies at less than 6, the same species at
less than 10 and the same genus at less than 25 (Bradley, 1994).  From these results it
can be seen that isolates 5 (30-8-5-A) and 7 (30-8-7-A) are related at the genus level
and probably at the species level to each other.  Isolates 1 (30-8-1-A) and 4 (30-8-4-
A) are probably matched at the genus level.  The remainder of the bacterial isolates
are not closely related to each other, according to the dendogram analysis.
Figure A3.3 shows a fatty acid comparison chart for isolate 5 (30-8-5-A) which did
not record a match against the database at all.  Here, the fatty acid profile for isolate 5
is compared against the profiles for the two closest (forced) matches from the
database, where it can be seen that the fatty acid profiles (marked with “x’s”)
generally lie outside the mean and standard deviation for the comparison library
entries.
Figures A3.4 - A3.9 present the integration charts from the GC analysis for each of
the seven isolates (including re-extraction results due to low area and contamination)
which visually depict the variation in fatty acid peaks between the isolates.  The
similarity index calculated for each isolate is dependent on the ratios of the fatty acid
peaks present.
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Figure A3.1 Similarity Indices for Bacterial Isolates from Lake Macquarie
(NOTE FOR DIGITAL VERSION – FIGURES IN THIS APPENDIX HAVE
NOT BEEN INCLUDED IN THIS VERSION.  FOR ACCESS TO THESE
FIGURES WHICH ARE CONTAINED IN THE HARD-COPY VERSION
DEPOSITED WITH THE UNIVERSITY, CONTACT THE UNIVERSITY OF
SYDNEY LIBRARY OR THE AUTHOR).
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Figure A3.2 Similarity Dendogram for Lake Macquarie Isolates
(NOTE FOR DIGITAL VERSION – FIGURES IN THIS APPENDIX HAVE
NOT BEEN INCLUDED IN THIS VERSION.  FOR ACCESS TO THESE
FIGURES WHICH ARE CONTAINED IN THE HARD-COPY VERSION
DEPOSITED WITH THE UNIVERSITY, CONTACT THE UNIVERSITY OF
SYDNEY LIBRARY OR THE AUTHOR).
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Figure A3.3 Fatty Acid Comparison Chart for Isolate 5 Against P. putida 
biotype A and L. buchneri * (MRSA)
(NOTE FOR DIGITAL VERSION – FIGURES IN THIS APPENDIX HAVE
NOT BEEN INCLUDED IN THIS VERSION.  FOR ACCESS TO THESE
FIGURES WHICH ARE CONTAINED IN THE HARD-COPY VERSION
DEPOSITED WITH THE UNIVERSITY, CONTACT THE UNIVERSITY OF
SYDNEY LIBRARY OR THE AUTHOR).
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Figure A3.4 Integration Charts for Solvent Control and Isolates 1-2
(NOTE FOR DIGITAL VERSION – FIGURES IN THIS APPENDIX HAVE
NOT BEEN INCLUDED IN THIS VERSION.  FOR ACCESS TO THESE
FIGURES WHICH ARE CONTAINED IN THE HARD-COPY VERSION
DEPOSITED WITH THE UNIVERSITY, CONTACT THE UNIVERSITY OF
SYDNEY LIBRARY OR THE AUTHOR).
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Figure A3.5 Integration Charts for Isolates 3-5
(NOTE FOR DIGITAL VERSION – FIGURES IN THIS APPENDIX HAVE
NOT BEEN INCLUDED IN THIS VERSION.  FOR ACCESS TO THESE
FIGURES WHICH ARE CONTAINED IN THE HARD-COPY VERSION
DEPOSITED WITH THE UNIVERSITY, CONTACT THE UNIVERSITY OF
SYDNEY LIBRARY OR THE AUTHOR).
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Figure A3.6 Integration Charts for Isolates 6-7
(NOTE FOR DIGITAL VERSION – FIGURES IN THIS APPENDIX HAVE
NOT BEEN INCLUDED IN THIS VERSION.  FOR ACCESS TO THESE
FIGURES WHICH ARE CONTAINED IN THE HARD-COPY VERSION
DEPOSITED WITH THE UNIVERSITY, CONTACT THE UNIVERSITY OF
SYDNEY LIBRARY OR THE AUTHOR).
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Figure A3.7 Integration Charts for Isolate 4 After Re-extraction
(Sample Contaminated)
(NOTE FOR DIGITAL VERSION – FIGURES IN THIS APPENDIX HAVE
NOT BEEN INCLUDED IN THIS VERSION.  FOR ACCESS TO THESE
FIGURES WHICH ARE CONTAINED IN THE HARD-COPY VERSION
DEPOSITED WITH THE UNIVERSITY, CONTACT THE UNIVERSITY OF
SYDNEY LIBRARY OR THE AUTHOR).
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Figure A3.8 Integration Charts for Isolate 4 After Re-extraction
(Sample Not Contaminated)
(NOTE FOR DIGITAL VERSION – FIGURES IN THIS APPENDIX HAVE
NOT BEEN INCLUDED IN THIS VERSION.  FOR ACCESS TO THESE
FIGURES WHICH ARE CONTAINED IN THE HARD-COPY VERSION
DEPOSITED WITH THE UNIVERSITY, CONTACT THE UNIVERSITY OF
SYDNEY LIBRARY OR THE AUTHOR).
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APPENDIX 4
SELENITE REDUCTION BY BACTERIAL ISOLATES
As detailed in Section 5.1.2, complete data regarding selenite reduction by all isolates
at all concentrations is presented in Tables A4.1 - A4.6.
Table A4.1 Selenite Reduction and Growth Rate Data for L ke Macquarie 
Isolates at an Initial Media Selenite Level of 100 mg/L - 
Organisms 1 - 4
Organism Time (days) Biomass
(g.cell/l)
Selenite
(mg/L)
1 0 0 88
22.5 0.34 50
27.5 0.362 42
47.5 0.43 30
55 0.432 12
70.5 0.64 10
75 0.79 10
2 0 0 90
22.5 0.31 70
27.5 0.36 30
47.5 0.412 12
55 1.33 20
70.5 0.44 0
75 0.42 0
3 0 0.04 100
34.67 0.24 100
48.67 0.21 70
71.67 0.42 20
95.67 0.6 10
4 0 0 90
4.5 0 80
11.5 0 90
26 0.0138 70
33 0.0088
54.4 0.0033 40
73 0.0036 30
81 0.0101 40
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Table A4.2 Selenite Reduction and Growth Rate Data for Lake Macquarie 
Isolates at an Initial Media Selenite Level of 100 mg/L - 
Organisms 5 - 7 and Controls
Organism Time (days) Biomass (g.cell/l) Selenite (mg/L)
5 0 0 88
4.5 0 80
11.5 0 80
26 0 90
33 0 90
54.5 0.608 78
73 0.558 68
81 0.23 80
6 0 0 90
23.5 0.21 80
26.75 0.17 60
54.5 0.35 20
75.5 0.65 0
7 0 0.01 90
34.67 0 50
48.67 0.01 50
71.67 0.314 74
95.67 0.396 46
Control 0 - 100
22 - 80
29.5 - 90
44.25 - 90
55 - 100
58.5 - 90
331
Table A4.3 Selenite Reduction and Growth rate Data for Lake Macquarie 
Isolates at an Initial Media Selenite Level of 10 mg/L - 
Organisms 1 - 4
Organism Time (days) Biomass
(g.cell/l)
Selenite
(mg/L)
1 0 0 10
3 0 9
22 0.0057 2
26 0.0047 1
32 0.0045 0
2 0 0.00001 10
3 0.00001 7
22 0.532 2
26 0.661 1
32 0.801 1
3 0 0 10
4 0.0001 7
18.25 0.0037 2
27.75 0.0043 1
45.25 0.0048 1
4 0 0 10
4 0.0001 10
18.25 0.0008 8
27.75 0.0018 6
45.25 0.0044 0
332
Table A4.4 Selenite Reduction and Growth rate Data for Lake Macquarie 
Isolates at an Initial Media Selenite Level of 10 mg/L - 
Organisms 1 - 4
Organism Time (days) Biomass (g.cell/l) Selenite (mg/L)
5 0 0.0001 10
4 0 9
18.25 0 11
27.75 0.0001 9
45.25 0.0018 6
69 0.0011 5
93 0.002
6 0 0.0001 10
22 0.0035 8
29.5 0.0029 6
44.25 0.0061 3
55 0.0075 0
58.5 0.0072 0
7 0 0
4 0 8
18.25 0.001 8
27.75 0.0044 10
45.25 0.0121 0
69 0.0057 0
Control 0 - 9
22 - 8
29.5 - 10
44.25 - 9
55 - 7
58.5 - 9
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Table A4.5 Selenite Reduction and Growth rate Data for Lake Macquarie 
Isolates at an Initial Media Selenite Level of 1 mg/L -
Organisms 1 - 4
Organism Time (days) Biomass (g.cell/l) Selenite (mg/L)
1 0 0 1
25.5 0.0014 0.2
51.75 0.0035 0
56 0.0048 0
2 0 0.00001 1.1
25.5 0.3192 0.2
51.75 0.509 0
56 0.619 0
3 0 0 1
1.5 0 1.1
3.75 0 0.9
23.5 0.0042 0.1
26.75 0.0038 0
54.4 0.0036 0
4 0 0.0001 0.9
25.5 0.0033 0.4
51.75 0.0051 0
56 0.0049 0
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Table A4.6 Selenite Reduction and Growth rate Data for Lake Macquarie 
Isolates at an Initial Media Selenite Level of 1 mg/L -
Organisms 5 - 7 and Controls
Organism Time (days) Biomass (g.cell/l) Selenite (mg/L)
5 0 0 1.5
1.5 0 1
3.75 0 1
23.5 0 1.3
26.75 0 1
54.5 0.0001 0.8
75.5 0.0012 0.5
6 0 0.0001 1
22 0.0021 0.3
29.5 0.0034 0.1
44.25 0.0069 0
55 0.0072 0
7 0 0 0.9
25.5 0.0022 0.4
51.75 0.0079 0
56 0.0081 0
Control 0 1.1
22 0.9
29.5 1
44.25 0.8
55 0.8
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APPENDIX 5
SELENATE REDUCTION BY BACTERIAL ISOLATES
As detailed in Section 5.1.3, data from the experimental runs involving selenate
reduction used in the preparation of these figures is presented overleaf in Table A5.1.
The initial selenate concentration in all runs was 100 mg/L.
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Table A5.1 Selenate Reduction and Growth Rate Data for Lake Macquarie 
Isolates
Organism Time
(days)
Biomass
(g.cell/l)
Total Selenium
(mg/l)
Selenate
(mg/l)
1/2 0 0.58 107 -
1 0.6 101 -
2 1.02 100 93
4 1.32 86 109
6 1.54 93 91
8 1.6 87 94
2/1 0 0.56 93 -
1 0.68 97 -
2 0.96 90 90
4 1.48 82 96
6 1.34 86 92
8 1.4 85 93
3/2 0 0.64 98 -
1 0.9 82 -
2 0.88 83 87
4 1.28 76 76
6 1.44 62 63
8 1.22 57 63
4/2 0 0.54 110 111
1 0.62 100 115
3 1.18 91 104
5 1.38 60 106
7 1.28 58 110
5/1 0 0.56 92 96
1 0.64 90 93
3 1.52 76 88
5 1.68 60 79
7 1.64 61 53
7/1 0 0.52 100 101
1 0.54 82 97
3 0.68 89 93
5 1.08 61 94
7 1 52 102
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APPENDIX 6
PLATE COUNT RESULTS FOR ORGANISMS
ISOLATED FROM LAKE SEDIMENTS
From Section 5.1.4, sediment samples obtained from throughout Lake Macquarie
during the wet-weather event of January 10, 1996 were used for plate counts of total
and selenium tolerant organisms within the sediments, and to study selenium reduction
by mixed cultures from the Lake.
Organisms were plated onto nutrient agar plates containing: no selenium; 10 mg/l
selenite; and 10 mg/l selenate.   Plate counts results expressed as organisms per gram
of sediment, are detailed in Table A6.1 and Table A6.2 below.
Table A6.1 Plate Count Results for Organisms Isolated From Lake Sediments
(Cultures Isolated from Site 1A)
Culture
Designation
Count, No Se (g-1) Count, 10 mg/l
Se(IV) (g-1)
Count, 10 mg/l
Se(VI) (g-1)
1A-5/1 5 x 105 >2.5 x 106 2.5 x 104
1A-10/1 2.5 x 104 0 5 x 104
1A-15/1 >2.5 x 106 0 2.5 x 104
1A-20/1 >2.5 x 106 0 0
1A-25/1 2.5 x 104 2.5 x 104 2.95 x 106
1A-5/2 5 x 105 2.5 x 104 2.5 x 104
1A-10/2 >2.5 x 106 7.5 x 104 0
1A-15/2 0 1.5 x 105 5 x 104
1A-20/2 0 >2.5 x 106 1.5 x 105
1A-25/2 7.5 x 104 0 2.13 x 106
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Table A6.2 Plate Count Results for Organisms Isolated From Lake Sediments
(Cultures Isolated from Site 1B)
Culture
Designation
Count, No Se (g-1) Count, 10 mg/l
Se(IV) (g-1)
Count, 10 mg/l
Se(VI) (g-1)
1B-5/1 0 5.25 x 105 5 x 104
1B-10/1 >2.5 x 106 0 2.5 x 104
1B-15/1 5 x 105 0 1.25 x 105
1B-20/1 7.5 x 104 5 x 104 2.5 x 104
1B-25/1 0 0 0
1B-5/2 >2.5 x 106 5 x 104 1.5 x 105
1B-10/2 7.5 x 104 2.5 x 104 0
1B-15/2 5 x 104 1.25 x 106 5 x 104
1B-20/2 5 x 104 2.5 x 104 0
1B-25/2 0 0 0
2A-5/1 >2.5 x 106 1.25 x 105 1.25 x 105
2A-5/2 0 5 x 104 0
2B-5/1 7.25 x 105 1.25 x 105 2.5 x 104
2B-5/2 5 x 105 2.5 x 106 2.5 x 104
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Table A6.3 Plate Count Results for Organisms Isolated From Lake Sediments
(Cultures Isolated from Sites 3A, 3B, 4A, 4B, 5A, 5B, 6A, 6B)
Culture
Designation
Count, No Se (g-1) Count, 10 mg/l
Se(IV) (g-1)
Count, 10 mg/l
Se(VI) (g-1)
3A-5/1 1.5 x 105 2.5 x 104 2.5 x 104
3A-5/2 7.5 x 104 2.5 x 104 1 x 105
3B-5/1 1.25 x 105 2.5 x 106 7.5 x 104
3B-5/2 >2.5 x 106 7.5 x 104 1 x 105
4A-5/1 1.75 x 105 0 >2.5 x 106
4A-5/2 1.25 x 105 0 >2.5 x 106
4B-5/1 1.48 x 106 0 4.75 x 105
4B-5/2 5 x 104 1.5 x 105 >2.5 x 106
5A-5/1 0 1 x 105 1 x 105
5A-5/2 5 x 104 0 >5 x 105
5B-5/1 1 x 105 0 >2.5 x 106
5B-5/2 5 x 104 2.5 x 104 >2.5 x 106
6A-5/1 3 x 105 7.5 x 104 >2.5 x 106
6A-5/2 3.5 x 105 0 >2.5 x 106
6B-5/1 9.25 x 105 1.75 x 105 >2.5 x 106
6B-5/2 7 x 105 0 >2.5 x 106
Note: Actual plate count results are obtained by dividing the presented figures by 
25,000.
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APPENDIX 7
SELENIUM METHYLATION STUDIES - GAS
CHROMATOGRAMS
Mass spectra and molecular fragment patterns for methylated selenium and sulfur
compounds obtained from the headspace of bacterial cultures (see Section 4.5.7 for
details of culture conditions and analytical procedures, and Section 5.1.8 for
additional results) are included in Figures A7.1 - A7.10.
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Figure A7.1 Mass Spectrum for Headspace of Culture 1A2 for DMSeS
(NOTE FOR DIGITAL VERSION – FIGURES IN THIS APPENDIX HAVE
NOT BEEN INCLUDED IN THIS VERSION.  FOR ACCESS TO THESE
FIGURES WHICH ARE CONTAINED IN THE HARD-COPY VERSION
DEPOSITED WITH THE UNIVERSITY, CONTACT THE UNIVERSITY OF
SYDNEY LIBRARY OR THE AUTHOR).
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Figure A7.2 Mass Spectrum for Headspace of Culture 1A2 for DMTS
(NOTE FOR DIGITAL VERSION – FIGURES IN THIS APPENDIX HAVE
NOT BEEN INCLUDED IN THIS VERSION.  FOR ACCESS TO THESE
FIGURES WHICH ARE CONTAINED IN THE HARD-COPY VERSION
DEPOSITED WITH THE UNIVERSITY, CONTACT THE UNIVERSITY OF
SYDNEY LIBRARY OR THE AUTHOR).
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Figure A7.3 Magnified Gas Chromatogram for Headspace of Culture 4B1
(NOTE FOR DIGITAL VERSION – FIGURES IN THIS APPENDIX HAVE
NOT BEEN INCLUDED IN THIS VERSION.  FOR ACCESS TO THESE
FIGURES WHICH ARE CONTAINED IN THE HARD-COPY VERSION
DEPOSITED WITH THE UNIVERSITY, CONTACT THE UNIVERSITY OF
SYDNEY LIBRARY OR THE AUTHOR).
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Figure A7.4 Mass Spectrum for Headspace of Culture 4B1 for DMDS
(NOTE FOR DIGITAL VERSION – FIGURES IN THIS APPENDIX HAVE
NOT BEEN INCLUDED IN THIS VERSION.  FOR ACCESS TO THESE
FIGURES WHICH ARE CONTAINED IN THE HARD-COPY VERSION
DEPOSITED WITH THE UNIVERSITY, CONTACT THE UNIVERSITY OF
SYDNEY LIBRARY OR THE AUTHOR).
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Figure A7.5 Mass Spectrum for Headspace of Culture 4B1 for DMSeS
(NOTE FOR DIGITAL VERSION – FIGURES IN THIS APPENDIX HAVE
NOT BEEN INCLUDED IN THIS VERSION.  FOR ACCESS TO THESE
FIGURES WHICH ARE CONTAINED IN THE HARD-COPY VERSION
DEPOSITED WITH THE UNIVERSITY, CONTACT THE UNIVERSITY OF
SYDNEY LIBRARY OR THE AUTHOR).
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Figure A7.6 Mass Spectrum for Headspace of Culture 4B1 for DMTS
(NOTE FOR DIGITAL VERSION – FIGURES IN THIS APPENDIX HAVE
NOT BEEN INCLUDED IN THIS VERSION.  FOR ACCESS TO THESE
FIGURES WHICH ARE CONTAINED IN THE HARD-COPY VERSION
DEPOSITED WITH THE UNIVERSITY, CONTACT THE UNIVERSITY OF
SYDNEY LIBRARY OR THE AUTHOR).
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Figure A7.7 Mass Spectrum for Headspace of Culture 4B1 for DMSeDS
(NOTE FOR DIGITAL VERSION – FIGURES IN THIS APPENDIX HAVE
NOT BEEN INCLUDED IN THIS VERSION.  FOR ACCESS TO THESE
FIGURES WHICH ARE CONTAINED IN THE HARD-COPY VERSION
DEPOSITED WITH THE UNIVERSITY, CONTACT THE UNIVERSITY OF
SYDNEY LIBRARY OR THE AUTHOR).
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Figure A7.8 Mass Spectrum for Headspace of Culture 1B1 for DMDS
(NOTE FOR DIGITAL VERSION – FIGURES IN THIS APPENDIX HAVE
NOT BEEN INCLUDED IN THIS VERSION.  FOR ACCESS TO THESE
FIGURES WHICH ARE CONTAINED IN THE HARD-COPY VERSION
DEPOSITED WITH THE UNIVERSITY, CONTACT THE UNIVERSITY OF
SYDNEY LIBRARY OR THE AUTHOR).
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Figure A7.9 Molecular Fragment Pattern for DMSe
(NOTE FOR DIGITAL VERSION – FIGURES IN THIS APPENDIX HAVE
NOT BEEN INCLUDED IN THIS VERSION.  FOR ACCESS TO THESE
FIGURES WHICH ARE CONTAINED IN THE HARD-COPY VERSION
DEPOSITED WITH THE UNIVERSITY, CONTACT THE UNIVERSITY OF
SYDNEY LIBRARY OR THE AUTHOR).
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Figure A7.10Molecular Fragment Pattern for DMDSe
(NOTE FOR DIGITAL VERSION – FIGURES IN THIS APPENDIX HAVE
NOT BEEN INCLUDED IN THIS VERSION.  FOR ACCESS TO THESE
FIGURES WHICH ARE CONTAINED IN THE HARD-COPY VERSION
DEPOSITED WITH THE UNIVERSITY, CONTACT THE UNIVERSITY OF
SYDNEY LIBRARY OR THE AUTHOR).
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APPENDIX 8
SELENIUM METHYLATION STUDIES - SELENATE
REDUCTION AND GROWTH CURVES
As detailed in Section 5.1.8, this Appendix contains the selenate reduction and
bacterial growth curves for the cultures studied as Figures A8.1 through A8.16, whilst
Figure A8.17 details selenium speciation and concentrations in the control flask over
the course of the study.
Figure A8.1 Selenate Reduction and Growth Curves for Microorganisms from 
Vales Point, Culture 1A1
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Figure A8.2 Selenate Reduction and Growth Curves for Microorganisms from
Vales Point, Culture 1A2
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Figure A8.3 Selenate Reduction and Growth Curves for Microorganisms from
Vales Point, Culture 1B1
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Figure A8.4 Selenate Reduction and Growth Curves for Microorganisms from
Vales Point, Culture 1B2
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Figure A8.5 Selenate Reduction and Growth Curves for Microorganisms from
Nords Wharf, Culture 2A1
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Figure A8.6 Selenate Reduction and Growth Curves for Microorganisms from
Nords Wharf, Culture 2A2
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Figure A8.7 Selenate Reduction and Growth Curves for Microorganisms from
Nords Wharf, Culture 2B1
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Figure A8.8 Selenium Reduction and Growth Curves for Microorganisms
from Nords Wharf, Culture 2B2
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Figure A8.9 Selenium Reduction and Growth Curves for Microorganisms 
from Cockle Creek, Culture 3A1
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Figure A8.10 Selenium Reduction and Growth Curves for Microorganisms 
from Cockle Creek, Culture 3A2
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Figure A8.11Selenium Reduction and Growth Curves for Microorganisms 
from Cockle Creek, Culture 3B1
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Figure A8.12Selenium Reduction and Growth Curves for Microorganisms 
from Cockle Creek, Culture 3B1
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Figure A8.13Selenium Reduction and Growth Curves for Microorganisms 
from Myuna Bay, Culture 4A1
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Figure A8.14Selenium Reduction and Growth Curves for Microorganisms 
from Myuna Bay, Culture 4A2
0
20
40
60
80
100
120
0 2 4 6 8 10 12 14
Time (days)
[S
e
],
 m
g
/l
0.001
0.01
0.1
B
io
m
a
ss
 (
g
)
Se(IV+)
Se(VI+)
Se(Tot)
Biomass
Figure A8.15Selenium Reduction and Growth Curves for Microorganisms 
from Myuna Bay, Culture 4B1
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Figure A8.16Selenium Reduction and Growth Curves for Microorganisms 
from Myuna Bay, Culture 4B2
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Figure A8.17Selenium Concentrations in Selenate-only Control
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APPENDIX 9
SELENIUM CONCENTRATIONS AND SPECIATION
FROM LAKE MACQUARIE
As noted in Section 5.2.3, data regarding selenium sedimentary concentrations,
speciation and profiles from sample sites throughout Lake Macquarie investigated as
part of this research are included in this appendix as Tables A9.1 - A9.3.  Note that
core designations correspond to duplicate samples taken from the sites depicted on
Figure 4.1.  All concentrations are based on the <63 µm sediment fraction on a dry
weight basis.
Table A9.1 Selenium Concentrations and Speciation from Cores 1A, 1B, 2A 
and 2B from Lake Macquarie
Core Depth(cm)Se(Tot), mg/kgSe(VI+IV), mg/kg Se(IV), mg/kg
1A 2.5 6.267 7.048 5.145
1A 7.5 3.175 9.946 5.651
1A 12.5 10.223 8.707 5.537
1A 17.5 7.676 7.217 5.474
1A 22.5 0.016 3.070 2.198
1B 2.5 2.264 6.490 4.965
1B 7.5 5.052 7.137 4.560
1B 12.5 6.602 8.065 5.353
1B 17.5 7.662 5.968 4.311
1B 22.5 2.742 2.885 2.183
2A 2.5 4.987 5.207 3.655
2A 7.5 5.297 5.655 4.198
2A 12.5 8.038 8.293 5.483
2A 17.5 2.757 3.000 2.157
2A 22.5 1.450 1.702 1.231
2A 27.5 27.506 27.992 24.394
2B 2.5 4.394 4.574 2.905
2B 7.5 3.696 3.924 2.878
2B 12.5 3.658 5.367 3.804
2B 17.5 2.948 2.976 1.967
2B 22.5 1.491 1.708 1.127
2B 27.5 1.118 1.264 0.854
2B 32.5 27.377 27.661 18.993
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Table A9.2 Selenium Concentrations and Speciation from Cores 3A, 3B, 4A
and 4B from Lake Macquarie
Core Depth(cm)Se(Tot), mg/kgSe(VI+IV), mg/kgSe(IV), mg/kg
3A 2.5 4.686 4.785 3.831
3A 7.5 3.817 4.252 3.092
3A 12.5 3.828 4.039 3.187
3A 17.5 1.944 2.409 1.866
3A 22.5 1.987 2.319 1.827
3A 27.5 2.004 2.217 1.891
3A 32.5 1.754 2.610 2.117
3B 2.5 3.620 3.920 3.226
3B 7.5 3.556 4.782 3.938
3B 12.5 2.758 3.906 3.255
3B 17.5 2.007 3.281 2.868
3B 22.5 2.499 2.611 2.191
3B 27.5 1.845 2.430 1.999
3B 32.5 2.475 2.880 2.342
4A 2.5 4.188 4.540 3.859
4A 7.5 3.529 4.149 3.777
4A 12.5 2.576 3.559 3.226
4A 17.5 2.495 2.867 2.207
4A 22.5 1.356 1.425 1.081
4A 27.5 0.274 1.113 0.864
4A 32.5 1.079 1.289 1.018
4B 2.5 3.844 4.029 3.121
4B 7.5 3.963 4.188 3.299
4B 12.5 2.321 2.701 1.960
4B 17.5 0.565 1.304 1.024
4B 22.5 1.057 1.265 0.958
4B 27.5 1.042 1.233 0.866
4B 32.5 1.014 1.130 0.815
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Table A9.3 Selenium Concentrations and Speciation from Cores 5A, 5B, 6A
and 6B from Lake Macquarie
Core Depth(cm)Se(Tot), mg/kgSe(VI+IV), mg/kg Se(IV), mg/kg
5A 2.5 6.230 5.339 3.747
5A 7.5 2.721 2.059 1.606
5A 12.5 9.153 7.364 6.113
5A 17.5 4.986 3.822 2.699
5A 22.5 5.891 5.182 1.021
5A 27.5 4.294 3.210 2.290
5A 32.5 2.191 1.751 1.328
5B 2.5 0.746 0.979 1.578
5B 7.5 5.157 5.543 2.898
5B 12.5 6.775 6.172 3.434
5B 17.5 7.825 7.215 4.386
5B 22.5 0.390 0.946 0.631
5B 27.5 0.578 1.064 0.804
6A 2.5 4.117 3.977 2.363
6A 7.5 2.858 3.109 1.768
6A 12.5 7.738 8.219 5.850
6A 17.5 5.567 4.998 3.642
6A 22.5 9.136 9.188 5.681
6A 27.5 11.039 9.997 6.084
6A 32.5 12.295 10.886 9.533
6A 37.5 11.651 12.252 9.595
6B 2.5 4.478 4.609 2.857
6B 7.5 4.185 4.350 2.520
6B 12.5 8.868 8.596 6.460
6B 17.5 4.543 4.308 2.710
6B 22.5 6.707 6.773 4.399
6B 27.5 5.142 4.953 3.632
6B 32.5 4.446 3.891 2.684
6B 37.5 1.932 1.624 1.189
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APPENDIX 10
HEAVY METAL CONCENTRATIONS IN SEDIMENTS
FROM LAKE MACQUARIE
As noted in Section 5.2.5, heavy metals other than selenium in the sediments of Lake
Macquarie were also examined as part of this research to provide data suitable for
comparison with that obtained in previous studies by other researchers (Roy and
Crawford (1983) and Batley (1984)).   Concentrations of heavy metals collected from
six sites throughout the lake are presented in Figures A10.1 - A10.6 below.  Site
designations on the horizontal axes of the following figures are results of duplicate
cores (Core A and Core B) collected from the following sites as depicted on Figures
4.1 and 4.2:
· Site 1 This site was in water approximately 0.5 m deep at Mannering Park in 
the direct vicinity of the Vales Point coal-fired power station.
 
· Site N1 This site was in the wave action zone (Zone 4) of the Nords Wharf 
study area at a depth of approximately 0.5 m.
 
· Site N2 This site was in the coarse sediment zone (Zone 3) of the Nords Wharf
study area at a depth of approximately 1.0 m.
 
· Site N3 This site was in the fine sediment plume zone (Zone 2) of the Nords 
Wharf study area at a depth of approximately 1.0 m.
 
· Site N4 This site was in the decaying seagrass zone (Zone 1) of the Nords 
Wharf study area at a depth of approximately 0.5 m.
 
· Site 6 This site was adjacent to the mouth of Cockle Creek in Cockle Bay
from water 0.75 m deep.
364
Figure A10.1Co Concentrations in Surface Sediment from Lake Macquarie
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Figure A10.2Cu Concentrations in Surface Sediment from Lake Macquarie
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Figure A10.3Mn Concentrations in Surface Sediment from Lake Macquarie
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Figure A10.4Ni Concentrations in Surface Sediment from Lake Macquarie
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Figure A10.5Pb Concentrations in Surface Sediment from Lake Macquarie
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Figure A10.6Zn Concentrations in Surface Sediment from Lake Macquarie
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APPENDIX 11
SELENIUM CONCENTRATIONS IN WYEE CREEK
SEDIMENTS
As noted in Section 5.3.1, ten sites in Wyee Creek were sampled during and following
periods of dry weather on March 26 and April 2, 1996.  Data concerning the
concentration of selenium in sediment cores from Wyee Creek is presented below in
Tables A11.1 - A11.3.
Table A11.1Total Selenium Concentrations in Wyee Creek
Site
W1 W2 W3 W4 W5 W6 W7 W8 W9 W10
Depth
(cm)
0-5 31.1 144.9 42.2 99.5 48.9 45.1 158.7 68.1 176.0 76.9
5-10 20.8 74.1 24.2 168.9 81.5 66.5 349.3 48.2 165.0 148.5
10-15 89.4 63.5 82.7 155.5 44.4 326.8 22.9 121.1 78.3
15-20 15.3 8.6 75.7 58.3 37.8 32.9 92.8 52.2
20-25 45.4
25-30 135.5
30-35 39.3
35-40 60.0
40-45 20.9
Note: Concentrations are in mg/kg on a dry weight basis for the < 63µm sediment 
fraction.
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Table A11.2Se(IV) + Se(VI) Concentrations in Wyee Creek (by HGAAS)
Site
W1 W2 W3 W4 W5 W6 W7 W8 W9 W10
Depth
(cm)
0-5 25.4 124.4 59.6 100.5 53.8 36.7 161.9 102.3 177.3 161.1
5-10 7.9 76.9 24.7 197.1 62.0 93.6 458.2 74.4 165.3 188.8
10-15 91.1 76.8 90.6 146.4 39.2 252.9 29.7 97.9 65.5
15-20 12.8 2.8 98.1 30.8 34.2 15.3 55.2 81.8
20-25 66.9
25-30 168.8
30-35 40.3
35-40 82.2
40-45 14.1
Table A11.3Se(IV) Concentrations in Wyee Creek (by HGAAS)
Site
W1 W2 W3 W4 W5 W6 W7 W8 W9 W10
Depth
(cm)
0-5 18.5 30.2 18.4 65.8 23.7 39.5 98.3 95.1 96.5 138.1
5-10 17.2 27.1 1.9 101.6 52.2 46.3 231.9 48.7 76.3 171.3
10-15 78.9 2.1 51.0 101.8 28.5 223.4 27.9 95.5 76.0
15-20 50.2 1.5 55.3 51.4 24.3 39.6 53.7 55.1
20-25 29.6
25-30 80.2
30-35 11.9
35-40 37.4
40-45 18.7
Note: Concentrations in both tables above are in mg/kg on a dry weight basis for the 
< 63µm sediment fraction.
369
APPENDIX 12
HEAVY METAL CONCENTRATIONS AND PROFILES
FROM WYEE CREEK
As noted in Section 5.3.2, concentrations of zinc, lead, copper and cobalt were
examined in sediment cores taken from Wyee Creek, and concentration-depth profiles
and spatial relationships between concentration and distance from along the Creek
were also determined.  Complete results for these metals in the sediments of Wyee
Creek are presented below in Figures A12.1 - A12.
As seen in the spatial distribution profiles for zinc (Figures A12.1 - A12.4) and lead
(Figures A12.9 - A12.12), the absolute maxima for these elements were found in
sediments collected at the base of the weir leading from the overflow channel from the
Vales Point ash dam.  For copper (Figures A12.5 - A12.8), absolute maxima also
occurred at this point for sediment samples from below 5 cm depth.  For sediment
from the 0-5 cm section, a relative maxima for copper was also observed at this point;
however, the absolute maxima for sediments from this depth occurred at
approximately 5.5 km downstream from the weir, a sample location which also
corresponded to the relative maxima observed in sediment from the 5-10 cm sections.
From Figures A12.13 - A12.16 for cobalt, neither absolute maxima nor relative
maxima are observed at the sample site at the base of the weir.  Absolute maxima are
observed at all sample depths depicted in these figures for cadmium between 4.50-
5.45 km downstream of the weir.
Concentrations of zinc in Wyee Creek sediments collected from the base of the weir
range from approximately 1,600 mg/kg to approximately 5,750 mg/kg on a dry
weight basis.  Copper concentrations in Wyee Creek sediment reached a maximum of
approximately 98 mg/kg in sediments at the base of the weir in Wyee Channel.  In
Wyee Creek, the maximum lead concentration observed was approximately 185
370
mg/kg at the base of the weir in Wyee Canal.  The maximum concentration of
cadmium encountered in Wyee Creek was approximately 2.5 mg/kg.  Swaine (1977)
did not report cadmium concentrations.
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Figure A12.1 Spatial distribution of Zinc in Wyee Creek, 0-5 cm sections
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Figure A12.2 Spatial distribution of Zinc in Wyee Creek, 5-10 cm 
sections
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Figure A12.3 Spatial distribution of Zinc in Wyee Creek, 10-15 cm 
sections
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Figure A12.4 Spatial distribution of Zinc in Wyee Creek, 15-20 cm 
sections
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Figure A12.5 Spatial distribution of Copper in Wyee Creek, 0-5 cm 
sections
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Figure A12.6 Spatial distribution of Copper in Wyee Creek, 5-10 cm 
sections
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Figure A12.7 Spatial distribution of Copper in Wyee Creek, 10-15 cm 
sections
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Figure A12.8 Spatial distribution of Copper in Wyee Creek, 15-20 cm 
sections
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Figure A12.9 Spatial distribution of Lead in Wyee Creek, 0-5 cm 
sections
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Figure A12.10 Spatial distribution of Lead in Wyee Creek, 5-10 cm 
sections
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Figure A12.11 Spatial distribution of Lead in Wyee Creek, 10-15 cm 
sections
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Figure A12.12 Spatial distribution of Lead in Wyee Creek, 15-20cm 
sections
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Figure A12.13 Spatial distribution of Cadmium in Wyee Creek, 0-5 cm 
sections
0.0
0.2
0.4
0.6
0.8
1.0
1.2
-3.00 0.00 0.75 1.50 2.25 3.00 4.50 5.25 5.45
Distance from Weir, kms
[Cd], mg/kg
Figure A12.14 Spatial distribution of Cadmium in Wyee Creek, 5-10 cm 
sections
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Figure A12.15 Spatial distribution of Cadmium in Wyee Creek, 10-15 cm 
sections
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Figure A12.16 Spatial distribution of Cadmium in Wyee Creek, 15-20 cm 
sections
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